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ISOLATION ANT) IPAMPING

cm LSM EWDG TEST

L, K. H. Lu, R. Perm-, K. 9. Schnider
%otinoms Electric Corporation

Sunnyvale, Ca1ifornia

Mesuring logaritimic aoosleration response to a transient
input is a relatively sinpla method used to estimate an
average damping coefficient. The imsthd is not lmited by
either high ndal density or high daping values. Hrmmvar,
the tim decay curve obtained frm those tests can be diffi-
cult to interpret becauoe of either the presec of bmeting
or if miltiple decay slopes.

In this pp ar, the r-sults of buth predicting response of,
wn testing a simple rectangular plate with o trained laya
dwtping treatment an one hall of the plate are presentedý
The predic ted reaul, are based on both Statieticnl B
Analysis (SEA) and Finite ElaInot Analysis (FMA). It is
found that single SEA equations predict the dual slopes
found in the time trensient responses reasonably well.

INTRODUCTION due to excessive modal overlapping.
One alternative is a simple trsnsient
decay approach which can provide

The knowledge of approximate approximate average damping level.
average damping levels in various in frequency bands. However, the
frequency bands is necessary if time decay curve obtained from these
frequency responhe functions are tests can be somewhat difficult
to be predicted or the efficacy to interpret beuause of either
of a damping treatment verified. the presence of beating or of mil-
For simple structures, analytical tiple decay rates. Reference (3)
approaches such as the modal strain suggests procedures to include the
energy method (1) can be used to effect of beating in the damping
predict the damping levels of estimation. However, the presence
structures treated by a damping of dual slopes appears P)t to have
layer, on a mode by mode basis, been investigated previously.
When structures becomes complex,
such as marine propulsion system, In this paper, tests and cal-
analytical solutions become difficult culations of a simple rectangular
or impractical. In such cases, plate with one half of the plate
experimental techniques are partit- covered by constrained layer damping
ularly well suited to obtaining meterial are pre3ented. The exper-
estimates of composite damping imental results were compared to
levels, estimates based on Finite Element

Analysis (FEA) and StatisticalWhen modes are reasonably well Energy Analysis (SEA) (4) methods.
spaced, several experimental tech- It was found that the dual slopes
niques axe available for damping observed in the transient responses
estimation. Among, them, the poly- are in agreement with FEA results.
reference method (2) is saitable Further, the nature of dual slope
for extracting modal parameters behavior can be explained by
despite some modal overlapping. application of the SEA power balance
However, techniques based on fitting Y~rinciple. This knowleigw can aid
individual modes cease wo be prac- the interpretation of dacay rate
tical at higher modal densities, damping test reso1lts.



A long rectangular steel plate of .1251 To estimate daring levels by FEA, thi
thicness wae used in the investigation. one specz'm is modeled by 150 QUAM plate ele-
half of the plate was covered with 0.05' mnnts plus 50 trick elemnts for the
thickwas DYAU G06 visco-elastic material viscoslastic material. The modal strain
end .0625" thickness steel face plate. The energy approach (1) is used to calculate
specimen me suspend5ed by elastic oord to the modal dawping. Figure 3 shonw the mode
simulute a free-free condition. Transient by nois natural frequencies and damping
response history due to Imwnmar impwyet was values stimated from the hZA nodal of ths

oseesed by a G4RAD model 2515 signal plate. To estiutte decay rates resulting
analyzer. The test sat-up in sha~m in from a hawar blow, an analytical izpulse
Figure 1. with frequency content judged to be adequate

up to 1500 HZ in applied to the damped side
of the plate. The response is then alcu-
lated using the t4ASTRAN oaiputer program.

Fteel F't) (

TT

/iq" 11 Test specimen

The material pro[eiti, of DYAL) 606
as a fumction of ambient temperature ad,
frequency are shor, in Figure 2. . F

41- It 1

riqure 2: Dai•-g Hjte. tia_ Properti• s Figtae 3£ FEA Model and correspondling
2odal frequenciescming rati•os



TJLTS AND DICUSSION A1Q4M R1Oe1E

Sham in Figure 4 am FWA-calculated him nuthors would like to thmnk
transient respuwes of the tent specimen du Dr. R.G. Wong for his Imlp~ul discussion
to impact on tim dmqd side. fesponses at on the int7rprotatlon of SA eutions and
several locations are sham in Figures 4A to Mr. J.F. Jakovich !or his work on MA
through 4D. Figures 4E and 4F are tJw WE model premrstion. 7h& encouragement an
resporsm of 16 -odee on the daiped and support fral Mr. P.C. karrumr and Mr. W.J.
rdmped sides, respectively. Also shom are Hawkins ware essential to the completion
tha trmieant decay sloes ubtaiie by the of this work.
SEA model presented in Appendix 1.

quation (6) of AL-pdix 1 is the closed
form solution of a two energy block SEA
system. Dse'.ite the simplification of in- BEF00 S
cluding only two berding node energy blocks,
the results agree vell with the solution
obtained by step-by-step numerical integra- (1) Jfuwon, C.D. et.al., "Deign and
tion using the commercially available SE6 Analysis of Denved Structure using
co•p•ter ..oe (5), shown in Figure 5. Finite Element Tectimiq , "

Paper No. 85-DI-T3T.
Tno material loss factoxa used in the

SEA model ware obtained by calculating the
noal strain energy of the visonelastic (2) Volt, H. et.al. *A multi-input Mode
material. Only thm daie half plate was rstimation Algorithms for Wni-caipi-
cxmidered in the FEA model. Because of ters," SM aqper No. 820194. 1982.
poscible variation of DYAD 606 from its
nominal values, UPer and lower limits of
loss factors ( = 0.1 to - 0.15) ve
used. (3) 1iag, Z. *A Possble E of

Test and the way of Its In.oving,"
Presented in Figure 6 is a typical 3rd International Modal AnaLysis

eaperintal transient decay plot with the Conferenc, Florida. 1983.
acclaernater on the excited side. Fkial
sLopes can clearly be identified. Also
plotted in this figure are the slopes cal-
culated by SEA equation (6). sowing good (4) enaing, J.E. and Lee. K. -eicting
aeema t with the test data. thdioal Shock Tranunissicn., The

Shock 4 Vibation hulletin No. 37,1968.

OQiCIUSIONS (5) *CC/SEAM Usm 1Manal.* Cambridge
Collaborative, Inc.. Cambridge, Ma.

In this study. the impulse response of 1985.
a structure is coempred to SEA and FEA
calculations from an energy transmission
point of view. As discussed in Appendix 1, 1 r s
the first slope of the acceleration time

decay curvs on the aecited side is related
to the rate of energ flow from the impacted *An a rtructure is subjucted to a
structure to its surrwou•digs.. The secnd shock loading, the frquency content ofslope of the dew curve is related to the the response is usually very broad due to
average damping value of the total structnre, the broad input s trum of inpulsive

7heresonos peditedby he FAexcitation. Traditional analytical t•ch-
e espins o s prla icted by the SEA niques used to calculate this type of

quite well with tm c slculated by the n M response are limited by the high modal
methode density of tim structure within the

frequency range of intrst. Statistical
Rg Analysis (SEA) of feis a umns of

simplifying the problem by calculating th
average and standarl deviation of frequncy-
band zesponse in high model density stru-
tures.



A. 8.

C.. D

E. F.

Figure 4: Comparison of decay curve obtained by SEA and FEA methods.

";C A--- -'>--mA "':'.-'9

9. " ---

kTIME S. LMU

Figure 5s Decay Curves Derived by Figure 6: Comparison of Slopes
SEA Concept. Calculated by S,:A and

Test data.
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The plate specimen in Figure 1 is The hic-ogenous solution of (2) is:

modeled by a two-block system as shoam in
Figure A-i. 5 1 C, eLO Ca e

z E~,:=C•e'• t ce" .... ()
EA a cIC "

$ ~ ~ ~~AWere_____

-(A -,A4 ,,B)g
Figure A-l: Two energy-block SEA model CC6 ,U3  ...

The power balance equation for the abov"
system is, The solution is then

8E~

E, =- + -c.

.... 'o Co -E-_0) C, a le q, tot - Es, 0(,•L-

WhereDt-l

Ei-The total energiy stored in th C E A.* _F &±L
energy block i. 4&-011

i Material loss factor of block (6)
i (two times the critical

damping ratio).

Coupling loss factor fimm
i to j.

h PDepending on the initial condition Elo and

W. re ianpu int energyu~a blhe i.r blocks, and theaucoupling loss factors, .12
W.- radian frequency. and 12 1 , equation (6) will predict d frerent

behaviors. Several special cases of interest

t = time. have been studied ar are presented in Table
A-1.

let the systm be excited to leves E It is seen from Table A-1 that the decay

and E The excitati•ns are then cut slope depends not only an the damping values,
off. The above equation (1) becoes% but also on the coupling loss factors between

the energy blacks. For case 2, Figure A-2
VE,/at + A,E, * AA shows the variation of slope 1,011, and

,slope 2, 02 with respect to the coupling

strengthk (normalized by the damping values,

+et *SE, + -

rT distinct results can be derived

A,-a W(&C,4*I,,) from case No. 2 in Table A-1. When 11
is very iauli compared with ~7.fran Figure,q,= '• "•,,A-2, a.-•.•aL , -C ,.Adaal.

, .J The second block is almost completely de-
coupled from the first energy block, and

there is little enrgy flow between thwn.
The decay of the first block is due princi-

rr L ai# pally to the effect of its om damping. On

Sam E. at o " the other hand, when coupling is very strong,
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Equations in Table 1 show Ž•"• the energy
of block 1 is tranwmitted to ck 2 almost
instartarneuly. The responses of both
blocks than decay at the rate of the average
dauping (f the system, 1/2 11.

If danping is estimated fron the initial
fast decay on the excited side, erroneously
high estimates wili be obtained, as much of
the apparent energ loss in system I is due
nerely to energy transfer to system II.
Generally, decay type d. ping estimates nuIO
frcu measuiements too near the excitation
suffer from this effect.



RESPONSE OF A SULWTIAL DAMPER TO SHOCK 1NPJTS

S. Rakheja S. Sankar
Research Assistant Professor Professor

Department of Mechanical Engineering
Concordia University

Montreal, Canada

Shock Isolation Perf'rmance of a shock mount consisting of a linear
spring in parallel x:*,h a sequential damper is investigated. Sequent-
ial daeper besed on seni-active control offers a comcprmise between
active and passive shock isolation systems. The sequential damper
requires only minimal power to generate the ccmmand signal for modula-
ting the orifice for fluid flow. Control schemes required to generate
the commnd signal to achieve sequential modulation of the orifice are
discussed. The shock isolation performance of the sequential danper
is evaluated in terms of its acceleration, velocity and relative di&.p-
lacement response due to shuck excitations. The performance characte-
ristics of the sequential damper are compared to the response charact-
eristics of a shock isolator with passive damping to demonstrate the
superior performance of the sequentially daped shock isolator.

!N r ([2] proposed a dual phase viscous danger where
the damping coefficient varies as a function of

Dwvelopmant of effective shock isolators to the relative velocity across the damper. The
protect the equipment or human payloads from damper assumed high value of damping correspond-
severe shock inputs involve the selection of sui- ing to low relative velocity, whereas the damping
table springs dpinq mechanism. Shock motions value is reduced considerably at high relative
either arise from the motion of the base or from velocity. For intermediate velr'cities, there is
the forces generated from the equipment. However a linear transition between the .,igh and low
thes shock motions are mathemtically analogous values of damping. Guntur and Sankar[6] analyzed
and cause detrlmental effects on the payload, the shock isolation performance of six different
Shock imolators invariably, consist of linear or kinds of dual phase damping shock mounts. Venk-
nonlinýiar springs, damper and the payload to be atesan et al [7] investigated the isolation per-
isolated fric the shock loads. The spring and formance of dual phase damping in landing gears
dairng elments of a shock isolator are selected and showed that dual •ase damping provides supe-
such that the acceleration transmitted to the rior isolation performance to constant or nonli-
payload is minimized, when a shock excitation is near orifice damping.
encountered.

In this paper, the concept of semi-active
Passive shock isolators employing linear and sequential damping, similar to that of dual phase

nolinear springs, and viscous damper have been damping except for the linear transition between
extensively investigated by Snowdon [1]. Shock the high and low values of damping values, is
iaolatouv with aoe form of nonlirear damping presented. The isolator consists of a linear
have been proposed and analyzed by Snowidon (2], spring in parallel with a semi-active sequential
Mrcer st al. 131, Hundal (4) and Caton et al. orifice damper. The vibration isolation perfor-
(5]. The performance of these isolators is often mance of such semi-active daampers have been
evaluated through the peak acceleration transmi- investigated by a number of researchers [8,9,103.

tted to the isolated mass and through the rel&- These studies have establisihed that semi-active
tive displacement across the isolator. damping mechanisms can achieve vibration isolat-

ion performance close to that of a fully active
Passive shock isolation system are undoubte- system. The concept of such semi-active controls

dly the most reliable and inexpensive means to is implemented to a shock isolation system expe-
achieve chock isolation from shock loads. However, riencing rounded step and rounded pulse excitat-
due to the inherent limitations of the passive ions. Two control schemes to acheive sequential
shock isolation systems, specifically with the damping are proposed and analyzed. The shock
constant dauping, various dual phase danper con- isolation characteristics of sequential damper
cepta have been proposed and analyzed. Snowdon are compared to that of a passive 6amper.
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SBMUETFIAL DA1I4PI sections. The two-position valve offers certain
orifice restriction to hydraulic flows during the

Consider a shock mount comprisiag of conven- high damping operation of the sequential damper.
tional 3pring, damper and mass as shown in Figure The orifice size is modulated to larger opening
1. The mass acceleration due to base excitation when damping force acts to increase the magnitude
can be expressed by the forces generated by the of mass acceleration. The damping force produced
spring and damper, respectively: by such hydraulic jamper is thus of velocity

squared nature due to orifice flows, while negle-
+ Fd (cting leakage flows and seal friction. However,

k +d ))passive damping either viscous or velocity squar-
where F. and FA are the spring and damping forces ed exhibits similar performance as presented ink Figures 2 and 3.
respectively a1d m is the isolator mass. In case
of Iiiear isolator components, the masm acceler-
ation can be expressed as: L SCHEMES

a Two control schemes for appropriate modulati-
= - (o( x - y) -2 •W (A- 9) (2) on of the orifice type sequential damper are

a presented in the following sections.
whete o = K/ m, t= C/ (2mwo) and y is the
motion of the isolator base. K and C represent Sequential i Sciin I
the spring constant and viscous damping coeffici-
ent, respectively. Solution of equation (2) for The sequential damper scheme is established from
harmonic excitations has shown that passive damp- the damping characteristics revealed by Figures
ing tends to increase the magnitude of the mass 2 and 3. Figures ý and 3 reveal that the damper
acceleration during a part of the oscillation force causes an increase in mass acceleration
cycle, thus deteriorating the vibration isolation whenever the forces due to spring and damper bear
performance of the passive damper [10]. Poor the same sign. The mass acceleration decreases
isolation performance of passive damper is demo-
nstrated by the steady state spring, damper and
inertia forces trace as shown in Figure 2. The
damper force opposes the spring force during a
part of the vibration cycle, thus attenuating the I
magnitude of mass acceleration during the period
to< t < to+T/4 and to+ T/2 < t < to+ 37/4. M
Where T is the period of oscillation. The passive
damper force tends to increase the amplitude of
mass acceleration during the remaining part of
vibration cycle. Deteriorated isolation perfor- K CV
mance due to fixed Jamping becomes more apparent
at high excitation frequencies, when the magnit-
ude of damping force is dominant.

An analogous phenomenon also exists in the
shock isolation systems. Figure 3 shows the Figure I Single Degree of freedom spring-mass
inertia, spring and damper force traces of a -damper system.
passively damped shock mount, subject to transi-
ent (Rounded Pulse Displacement) excitation at considerably when the damper force opposes the
the base. It can be seen that the magnitude of spring force. Since the damper force generated
mass acceleration approaches its peak value when
damper force and spring force possess the same FIM
sign. The magnitude of mass acceleration
decreases significantly when the damper force
opposes the spring force. -- ,//

Thus a sequential damping mechanism may be
realised, which operates as a conventional damper / i I
with high value of damping coefficient during the N-
periods when it acts to reduce the mass accelera- -
tion as demonstrated in Figures 2 and 3. The .
sequential damper assumes low value of damping
coefficient during the period when a passive
damper would normally increase the amplitude of
mass acceleration. Such a sequential mechanism
may be accomplished by modulation of the orifice
size in a conventional hydraulic damper. The -I... ...
appropriate modulation of the orifice can be G. 5.75 SAW 6.25 6.5 0.75 7.41 7.25
achieved by a two position valvý operated by the
apprpriate command signal generated by the semi- Figure 2: Spring, damper and inertia forces
active control scheme discussed in following trace of SDOF passive isolator.I 10
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by the orifice restrictions is in phase with the with significantly lower value of damping coeffi-
relative velocity: cient, when relative velocity across the damper

a carries the same sign as the relative displace-F d = C( -) sgn( -) (3) ment.

and the spring force in proportional to the rel- Figure 4 presents the time tracees of acce-
ative displacement: leration, spring force and damper force for the

shock isolator employing such sequential damper
Fk= K (x - y) (4) and subject to rounded pulse displacement at the

base. It nan be observed that damper assumes
extremel,, low damping, whenever the spring and

1.2. damper forces bear the same sign. The damping
force generatod by the sequential damper rises
sharply as the spring force opposes the damping

8 d /in force.

S•-- Fk~k/m I s • '

5..

"0 •,2.5 '

... . . ... . . . ..

-2 .S-. 8 -2 .s . \,,//

88 0 40 8 88 1 28 I B8 2.

t,s -s. \

Figure 3: Spring, damper and inertia force trace
of SDOF system subject to rounded -7.9 r---r. 1.
pulse displacement at the base. 0 1 t.2 4

the sequential damper switching scheme can be Figure 4: Acc:eleration, spring force and damper
established in the following manner: force traces of the SDOF shock isolator

employing sequential damper I.

Fd = Cv1 x I ( i -f SPe ntial Sch m• II

if ( - (x - Y 0 (5) Alternatively, a second sequential damping
and scheme, devised from the force qenerator concept

of Karnopp[8] and Margolisfill. £" wvea establis-
Fh hed that mass deceleration can be accomplished

when the sign of absolute velocity of the mass
if (x - y) (x - y ) > 0 (6) is same as that of the relative velocity across

the damper. Thus the sequential damping scheme
where C is the coefficient of velocity squared is formulated to yield the damping force in the
dampingvassociated with orifice flows and Co is following manner:
the damping coefficient when the damper is sAit-
ched to low damping sequence. sgn (*) function Fd Cv k I(
in equation 3 ensures that damper force is in if > 0. (8)
phase with the relative velocity. The sgn
function assures a positive value when the rel- and
ative velocity is positive and the value of sgn
function changes to negative valuv for negative Fd = C;I -
relative velocity:

if i(i-j') (0. (9)
1. for (i-fl > 0.

sgn(') (7) The sequential damper operating with this
-I. for (0 - @ ) < 0. control scheme will operate as a orifice damper

wit)' high damping coefficient (C ) when the
The sequential damper operating with this abs ,lute velocity of mass is in pase with the

control scheme will act as a conventional orifice re ative velocity across the damper. The damper
damper with high damping, when the sign of rel- offers low value of damping coefficient ( Cv)
ative velocity opposes the sign of relative dis- whan absoelte velocity opposes the relative vel-
placement across the damper. The damper operates ocity across the damper. The damping behaviour

11
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of seque.atial damper II alongwith the spring and is
inertia forces are shown in Figure 5.

Two types of shock displacements are consid- (13)
ered at the isolator base: rounded step displac- where is the damping p&rameter, given by the
ement and rounded pulse displacement. These fullowing expzosaions:
inputs have been used to evaluate the shock mou-
nts in a number of investigations [1,2,6]. The Passive Damper:

Cv

a. - ¥ (14)m Max
7.5

FdA

5.0

S/---F%/m m

0..0

-2.5 "
0.4

-5..?

I 2 1 4"

I...,ISI$ ~ ,

Figure 5: Acceleration, spring and damping force
traces of the SDOF shock isolator Figure 6: Rounded pulse displacamt input for
employing sequential damper 11. various severity parameters.

base displacement corizesponding to each type of Sequential Dampar I:
input are expressed in the following manner:
Rounded Pulse Displacement:

y(t)= Ymaxe (V4w t)2 e-Vat , t > 0. (10) C max-y , if (k- )x y)<O

a = (15)
Rounted Step Displacement: Cc

y(t) = Ymax [ 1. - e -'(4 ( 1.+pu.t)] , t > 0. O if (* - )(x -y)

(11) Sequential Damper II:

where e = 2.71828, Y is the maximum input C Ddisp'acement ard Y i~axthe shock severity para- - Ymax if i ( i - 9 ) 0.
meter, defined by V( 2 O( 67,(• (16)

W T-o , (12) c<
Where , is the duration of pulse and is equal to
the duration of an equivalent rectangular pulse In the case of linear dampers, both passive and
of the same area with maximum displacement 17.6% active, it is possible to arrive at closed formlarger than Y in case of rounded pulse. In solutions for the response due to various base

case of round- step r, is the time required for excitations. However, the equation of motion (13)
the displacement to reach its maximum value.. of the sequentially damped shock isolator has
Figures 6 and 7 present the displacements at the step discontinuities and nonlinearity due to
base with respect to time for various values, orifice flows, and hence closed form solutions

are not attempted. In this study, the differen-
PERjuRH EVALAION O S NM tial equation of motion is solved to determine

the shock isolation performance, using direct
The equation of motion of thc spring mass intagration techniques based on the fourth-order

system shown in Figure 1 with sequential damper Runge-Kutta method.

12
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- -e values of severity parameter. However, 'ight
-y ..- • dadping implies mass oscillations for longer dur-

Y/ "_ ations.

* • The response behaviour of sequential damper
employing two schemes are evaluated for X -0.1
m, w.-• r, a (high dauping) = 12, while th~afatio

U.S -of damping coefficients ( C C O ) is varied
in the range 0.1 to 0.5. The to sequential dam-
pwrs exhibit identical isolation performance

4.4 except for the settling time. Figures 10 and ii
present a comparison of SAR characteristics of
of passive and sequential dampers, subject to
rounded pulse and step displacement inputs resp-
ectively, for various i? values. The cequential
damper provides extremely superior SAR response
at high shock saverities. The SAR response of

Sthe sequential dauper is slightly larger than
0.0 0.$ 1.0 I. t, that of the passive damper at low values of shock

Figure 7: Rounded Step displacement input for severity. Also the response characteristics of

various severity parameters. the sequential damper approach that of the pass-
ive damper, as the 17 value is increased. The

In order to evaluate the performance of a SVR characteristics of the sequential damper

sequentially damped shock isolator, suitable exhibit similar behaviour as shown in Figures L!
performance criteria are to be selected such that and 13 corresponding to rounded pulse and rounded
the performance characteristics of the sequenti- displacement ?xcitat-.ons, respectively. The res-
al damper can be co.pared to that of a passive ponse characteristics of sequential damper reveal
shock isolator. Since the isolator's basic that low 11 value provides extremely superior SAR
requirement is to minimize the acceleration and SVR performances.
transmitted to the mass, the peak mass accelera-
tion is perhaps, the most important criterion to Thse relative displacement ratio (RE) respon-
evaluate the shock isolator performance. Hoever, se characteristics of sequential damper, si.*ject
the physical considerations, such as the size and to rounded pulse end step displacements respect-
operating range of the isolator impose a restri- ively, are presented in Figures 14 and 15. The

ction on the umxium relative displacement which
can occur. Thus an effective isolator should 1.5
provide a low acceleration transmitted and a low
relative displacement, but in practice trade offs I
are to be made between these two quantities. am 3

The performance of the shock isolator is .7 a-- 6
evaluated in terms of the following response par-
ameters: a- 12
Shock acceleration ratio, SAR =.x(t)tmax/ 1'(tg

.4

Shock velocity ratio, SR = I (t)Imx/l(t)Im.4

Shock displacement ratio,SDR=ix(t) Imax/Yax .3

Relative displacement ratio, RDR .2SIx(t) - y(t)lmxnA (17)
max/itax .1 .2 1 .5 1. 2 5 10 20

RBS M S A M D 119C USIS C HS v

Shock isolation pertormance of the passive Figure 8: SAR response of passive shock isolator

and sequential dampers are presented in terms of subject to rounded pulse displacement.
SAR, SVR, and RrR characteristics for shock sev- RDR characteristics of the sequential damper are
erity parameter ranging from 0.1 to 20. The deteriorated conviderably corresponding to lowi?
shock isolation characteristics of the sequential values and higher shock severities. However, the
damper is compared to that of the passive damper RDR response of the sequential damper approaches
subject to rounded pulse and step displacements that of passive damper as the 77 value is increase.2.
at the base. Figures 8 and 9 present the SAR In case of rounded step displacement, the RDR
response of the passive damper subject to round- response of sequential damper with 71 = .25 appro-
ed pulse and step displacement respectively, for aches the RDR response of passive damper at shock
various damping parameters, a. It can be seen severity value of 50. The sequential deampr with
that light damping provides better isolation at 11 = .25, provides SAR of 0.25 as compared to 0.45
higher shock severities, while high damping yei- provided by the passive damper, when subject to
lds better performance corresponding to lower rounded pulse displacement. The corresponding

13
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.1 .2 .5 1. 2 5. 10.120 Figure 12: SVR response of sequential damper.
Figure 'J: SAR response ot sequential damper to 1.
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LIQUID SPRING DESIGN METHL)OOLOGY FOR

SHOCK ISOLATION SYSTEM WPPLICATIONS

Marek L. Winiarz, P.E.

The BON Corporation

Albuquerque, New Mexico

Liquid springs are rone of the less well known types of soring/damper systems

available to th-. shock iso1ation system designer. This paper describes

current liqId spring applications, characteristics, and provides a simpli-

fiel order-of-magnitude method for estimating size and weight of a liquid
spring in any proposed application. This work was performed under contract

funded by U.S. Army Corps of Engineers Omaha District.

INTRODUCTION Liquid springs resemble pneIumtic springs
except the spring force Is achieved by

Among the various hardening strategies, compressing a liquid fluid. Damping Is achieved
shock Isolation Is the most important. Shock by forcing the liquid through internal orifices.
Isolation systems are used .n a wide spectrum
of applications, from isolating personnel For the sake of completeness it should
and equipment from road shock in surface be mentioned that hybrid systems, such as
vehi,.Ies, to mitigating nuclear weapons induced hydropneumatic springs, my be used to achieve
environment in missile silos. No other specific tuning characteristics.
ha•dening scheme offers as much for the money
as an effective shock isolation system. 7he liquid spring designs and applications

have existed for years, and have gained wide
All shock isolation systems use some acceptance in some areas. For the community

type of force transmission limiting device, at large, however, the liquid spring remains
most coonl:. a spring/damper system, though a largely esoteric device. The purpose of
other types of force limiting devices such this paper is to acquaint the community with
as crushable or deformable media can be used the characteristics of liquid springs, and
In some specific, one-time applications, to present a simplified "cookbook" methodology

to allow a designer to evaluate whether a
Of the spring damper combinations, the liquid spring Is an appropriate device for

most comon are steel springs with external his application.
dampers, elastomer springs, pneumatic springs,
and liquid !prings. Steel sprinas include DESCRIPTION OF LIQUID SPRINGS
a variety of configurations such as leaf,
helical (coil), torsion, constant force (clock The simplest type of compression type
type), and others with liquid dampers liquid spring is show in Figure 1. It consists
(automotive shock absorbers) or friction of four min components: cylinder, piston,
dampers. Elastomer springs include "rubber compressible liquid, and seal. As the force
band" types, sometimes wound so that the is applied to the spring, the piston is inserted
adjacent layers expand at different rates into the liquid. The corresponding decrease
thus providing damping by friction between in volume of the liquid raises the internal
layers. Foams are also examples of elastomeric pressure which acts on the opposite end of
spring media where air provides damping as the piston resisting the applied force. The
well as some spring force when it Is squeezed working pressure In the liquid reaches 276,000
out of the foam cells. Foams have large kPa (40,000 psi) at the end of the stroke.
hysteresis. Pneumatic or gas springs are At neutral (unloaded) position the springs
pistons In cylinders compressing gaseous fluids, are typically precharged to 10% of the maximum
Internal orifices are used for damping. working pressure.

17



F-o- F

Figure 1. Simple Liquid Sprig Schemitic

The structural steel components, i.e., The spring rate is dependent on the bulk
the cylinder and the p4ston, are fabricated Kodulus of the fluid which increases
from high strength 1,100,000 kPa (160 ksi) approximately linearly from 690,000 kPa at
steel, typically ASTH 4340 heat treated. atmospheric pressure to 3,000,000 kPa at 250,000
Since the springs operate at pressures as kPa applied pressure (Figure 2).
high as 276,000 kPa (40,000 psi), the pressure
vessels (cylinders) are machined from a solid
billet, shot peened, and stress relieved to momWe)
achieve a long operating life. The pistons I
are finished to an exacting 0.2 micrometers I
(8 microinches) or less to achieve proper W- 'r-
sealing.- '. -

The working fluid is typically a silicone - , '. . I
oil of approximately 15% compressibility I -"-
(roughly the sam as water) at 250,000 kPa. -
The oil viscosities can be formulated over a .
a wide range but 50-100 cS (centistokes) is N_.O
a common range (Kinematic viscosity of waer ..... ., J
s I cS at 20 deg. C). It must be noted that

viscosity varies widely with temperature, 10_

pressure, and rate of deformation. The nuehers 1o0l o 30
given are at STP, and may differ in actual patsusu Gil)
applications. Figure 2. Bulk Modulus for Various Fluids

PPP

a. Differential Area Seal b. Poisson Effect Seal

Figure 3. Liquid Spring Seal Types
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Two common types of seals are used: In addition to the compression type,
differential area and Poisson effect. The two more liquid spring configurations exist:
differential area seal, shown in Figure 3a, extension or tension tyne aiid a combination
works on the principle of pressing tighter compression-extension. The extend!on liquid
against the piston and the cylinder as the spring, shown in Figure 6, works by insertion
pressure increases by virtue of its geometry. of a larger diameter rod into the liquid,
The Poisson effect seal is a sandwich of rubber thus compressing the fluid. The expansion
betweeo two metal plates. As the pressure spring has two seals, okie at each end. A
increases, the rubber is squeezed longitudinally disadvantaqe of the extension spring is tniat
and grows radially, thus pressing aqainst this configuration is longer as the structure
the piston and cylinder. Sometimes pins are must have adequate space to contain the thick
used to decrease the effective rubber area portion of the rod.
thus increasing the pressure in thE rubber
beyond the pressure in the fluid. Both types The compression-ettension spring is a
of seals have been proven effective in liquid "folded" design, compressing the fluid
spring applications. In fact, burst tests regardless of whether the spring is extended
show that cylinder structures fail before or compressed. This design is shown in Figure
seals do. In other very high pressure 7 in the neutral, extended, and compressed
applications, differential area seals are configurations. The added flexibility comes
effective in excess of 3,500,000 kPa (500 at a price of increased weight and complexity.
ksi ).

Damping is accomplished by use of damping
or "drag" plates (Figure 0). The drag plates LIQUID SPRING CHARACTERISTICS
limit the area through which liquid flows
around the piston, thus providing resistive Liquid springs have many virtues that
force as a iunction of piston velocity. In are applicable in a wide range of applications.
actual applications the damping provides 50% Sirce the working fluid is relatively
or more of the resistive force. A solid drag incompressible and has a high bulk modulus,
plate is the simplest damping mechanism. a very high spring rate can be achieved in
Alternatively a drag plate may have a seal a compact package. The spring rate can be
around it and orifices through it to allow easily tuned by varying the piston area end/or
liquid flow. Some structural rigidity may the volume of the liquid.
be gained by this approach (Figure 5a). The
orifices may have check valves to tune damping The liquid remains stable at high pressures
as a function of direction, position, or and returns to the original volume and pressure
velocity (Figure 5b). Finally, a sleeve may after compression. The limiting factor for
be used to vary the damping as a function liquids is the phase change which occurs at
of position. By covering the orifices at high pressures (water becomes solid at 700,000
the end of the stroke, this design provides kPa (100 ksi)). However, the practical spring
a "soft stop", preventing crashing the piston rate limiting factor is the structural capacity
into the cylinder structure (Figure 5c). of the pressure cylinder. The spring becomes
A combination of these mechanisms may be used impractical when the size and weight of the
to tune the damping to the designer's structure become too great and negate the
specifications. Additionally, the seals provide space saving advantages.
some frictional damping force, however the
overall contribution is small.

SEAL

CLEVIS

ZORAG PLATE

(PISTON HEAD)
Figure 4. Compression Type Liquid Spring
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a. Drag Plate with Orifice b. Drag Plate with Check Va!ve Orifices

SSSVE

c. Sleeve Damping Mechanism

Figure 5. Typical Damping Mechanisms

CYUNDR --- SEAL

PISTON
S~CLEVIS

Figure 6. Fxtension Type Liquid Spring
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COMPRESSIBLE UQUID /-INNER CYLINDER
(PRELOADED LIQUID / C -YINNER SLOTTED

SPRING) / CLEVIS
CLEVIS

SMALL OUTER 5 -1LR
SLEEVE AIR LARGE OUTERSLEEVE

1 NULL POSTION

PISTON HEAD //-- TENS.' ON PIN

UQUID IS BEING BULKHEAD
COMPRESSED 2 EXTENSI ON

LIQUID IS BEING • rCOMPRESSION PIN

COMPRESIONSPI

DIRECTION OF J PISTON ROD

MOTION TYP.
3 COMPRESSION

Ffgure 7. Compression/Tension Liquid Spring

The liquid spring medium exhibits no The liquid spring medium exhibits no
fatigue.. tr!*.s makes the spring ideal in creep. Therefore it is ideal ii static
applications whire repeated loadings occur. applications wherc a constant preload must
Liquid spring response characteristics remain be maintained. Additionally, liquid spring
constant throughv.at its life, assuming no can support various loads with no deflection
loss of liquid and no loss of rigidity in (or a desired deflection) by varylig the preload
the spring structure. The spring structure pressure in the liq•id.
does experience fatigue, however the strain
magnitude of the structure is small compared Liquid springs are reliable. Barring
to the strain of the liquid. initial q'ial-ty problems, several off-the-shelf

designs exist with a known track record in
various applications.
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APPLICATIONS In dddition, liquid springs ere used
in facilities such as conventional and nuclear

The most numerous application of liquid power plants to protect the equipment against
springs has been in the aircraft landing gear seisriic loads, in ships to isolate decks against
applications. Virtually every commnercial underwater explosions, in submarines to protect
and military aircraft uses liquid springs missiles and launch tubes, and in large caliber
as its landing shock mitigation system. guns to absorb recoil loads.
Passenger aircraft such as Boeing 707, 727,737,
767; McDonnell Douglas DC-10, and Lockheed DESIGN METHODOLOGY INTRODUCTION
L-O101 are a few examples. Fighter aircraft
such as General Dynamics F-16 and Fairchild The following section presents a simplified
Republic A-10 use them. Liquid spring landing step-by-step design methodology to allow the
gear is also used on the Space Shuttle orbiters, shock isolation system designer to estimate
Rockwell International B-i Bombers (Figure 8), the approximate dimensions and weight of a
and numerous helicopters. These applications liquid spring for his application. It must
make use of the liquid springs' ability to be stressed that the method presented here
mitigate repeated shock loadings, their compact serves only to determine the approximate spring
size, and their light weight. configuration. The actual spring behavior

is quite complex as the specific fluid
The liquid springs' static support ability characteristics such as bulk modulus, viscosity,

with no creep has been an advantage in Minuteman and compressibilty are functions of temperature,
missile silos and launch control facilities, pressure, and force application rate. Also
Liquid springs have a very good maintenance-free a 10% variability may be expected in all
record in this application, parameters. Iti addition effects such as

"breathing"m (cylinder expansion oue to increased
internal pressure) further complicate the
behavior.

Figure 8. Liquid Springs In Landing Gear Application
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For these reasons no exact analytical DESIGN PROCEDURE
procedure exists. Detailed design performed
by liquid spring manufacturers is performed Refer to Figure 9 for dimensional variables
by mostly empirical methods supported by in the procedure. The procedure was developed
extensive testing to obtain the desired spring using English units: inches, pounds, seconds.
and damping characteristics.

The method presented here is for a 1. Determine the compressive stroke (X)
compression type liquid spring. A second requirement. For weapons induced environments
generation, enhanced version of this
methodology, the theory, and additional methods the stroke is assumed to be aqual to the
for extenslor and compression-extension liquid rattlespace requirement.
springs may be found in Re.erence 1. Some
of the background information comes from the
Air Force Design Manual (Reference 2). No 2. Determine the weight (W) of the mass
dynamic analysis was attempted - the stroke
was assumed to be equal to the rattlespace to be shock isolated.
requirement.

During the development of this methodology, 3. Determine the maximum allowed acceleration
the author wrote a BASIC computer program
for the Apple II microcomputer which follows (Amax) of the object to be shock isolated.
the: steps presented below. This program,
as well as ones for the extension and the
compression - extension liquid spring types 4. Define the maximum spring operating
may be shared with interested incividuals. pressure (Pmax). A typical value is 276,000

kPa (40,000 psi).

Dc Do 0)

pD

Figure 9. Compression Liquid Spring Geometry
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5. Define the yield and ultimate stresses 10. Calculate total maximum force (Fm).

of the steel structure. A typical material This maximum force contains both the spring

is ASTM 4340 heat treated steel. force and the damping force components.

Yield stress =y -980,000 kPa (2) Fm = Am x W / Cg

(142,000 psi) where Am is allowable acceleretion

Ultimate stress Ou = 1,100,000 kPa W is the weight of the object

(160,000 psi) Cg is the gravitational constant

(386.4 in/sec2 )
6. Determine the safety factors. These

vary wit.: application, however minimum safety 11. Calculate the maximum spring component
factors for dynamic loads as recommended by of the force (Fk). Assume that the spri,ý

liquid spring manufacturers are: force provides one-half of the maximum force

Yield safety factor NY = 1.25 contribution.

Ultimate safety factor Nu = 2.0
(3) Fk = 0.5 x Fm

7. Define material densities. These will

be used to estimate the weight of the spring. 12. Calculate the preload force (Ft) which

In this procedure the density of the seals the spring will support with no deflection.

is assumed to be equal to the density of steel. This is normally 10% of the maximum spring

Typical values are: force.

Density of steel Ps -7.84 9/cm3  (4) Fi = 0.1 x Fk

(0.283 lb/in3 )

Density of fluid P1 = 0.97 g/cm3

(0.35 lb/in3 ) 13. If the externally applied static load
(Dow Corning 200 cS Silicone Oil) (Fp from step 8) exceeds the normal preload

force in step 12, then the external preload
8. Determine externally applied preload force is used.

force (Fp). This is the force necessary to

carry a static load. This load will determine (5) If Fi < Fp then Ft - Fp

the preload pressure in the liquid. If no

static load is to be carried, or if the load 14. Calculate the spring rate (k). Assume

is lighter than the normal preload pressure a linear spring.

will support, then the preload pressure will

be 10% of the maximum working pressure (27,600 (6) k - (Fk - Fi) / X

kPa).

9. Determine the preload position (Pp). (7) Ae = k x X / Pmax

Preload position is the position of the piston

displaced from the fully extended position 16. Lalculate the piston diameter (Dl)

(it can be zero). Total stroke (S) is:

(8) D1 a (4 x Ae / 10

(1) S = X + Pp
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17. Check for buckling resistance. The A curve fit equation was developed which
buckling analysis was done using the methods allows calculation of compressibility.
in Reference 3. Complete derivation is shown Procedure is as follows:

in Reference 1. Calculate the minimum or

critical rod diameter (Dmin). 19a. Convert maximum operating pressure from

pounds per square inch (psi) to thousands

(9) Dmtn = (64 x Fm x (S + 2)2 / (T3 x E))4 of pounds per square inch (ksi)

where E is Young's Modulus = 29,000,000 (12) P = Pmax / 1000

for steel

and S + 2 is the length of the rod.

19b. Solve curve fit equation
The 2 (inches) is an arbitrary addition to

the length of the rod and may be changed (13) C' = 8.0 + 0.373827 x (P - 16.172)

depending on specific circumstances. - 0.00645 x (P - 16.172)2

+ 0.0001667 x (P - 16.172)3

- 0.0000059 x (P - 16.172)4
18. If the minimum buckling diameter (Dmin) + 0.00000003 x (P - 16.172)5

is greater than D then this is the diameter

that must be used. Effective piston area 19c. Convert from percent to decimal

will be changed as well.

(14) C = C' x 0.01
(10) If Dmin > D1 then D1 = Dmin

and Ae = i x D1
2 / 4 20. Calculate the liquid volume (Vo)

In addition maximum spring operating pressure (15) Vo - Ae x X / C

must be changed to satisfy equation 7.

21. Determine the working stress (Ow)
(11) Pmax = k x X / Ae from steel properties and safety factors (steps

5 and 6)
19. Calculate compressibility (C) from maximum

spring operating pressure (Figure 10). (16) a =y / Ny
Compressibility may also be scaled approximately (17) 0 2 Ou / Nu

from the curve.

15 -Use the lesser of the two:

(18) If a < 02 then 0w =01
-10- 1 2

S(19) if 0
2 < 0 1 then Ow 02

G 5
2 022. Calculate the inside diameter of the

8 0 cylinder (Dc)

d 5 g oT g r D2 p
O N • (20) Dc = ((4 x Vo / Tr + D x P) /

PRESSUREOPa) (X + p))½

Figure 10. Silicone Fluid Compressibility
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23. Calculate the drag plate thickness (Td). 28. Calculate the outside diameter of the
This is a scaling procedure based roughly reinforced section of the cylinder (OD)

on the dimensions of currently existing liquid

springs. (27) OD a Dc + (2.0 x Tr)

(21) Td = 0.2 x Dc 29. Calculate the end plate thickness (Te).

The end plate thickness is scaled from existing

24. Calculate the seal thickness (Ts). This spring designs and it equals approximately
is also a scaling procedure as in Step 23 twice the reinforced cylinder wall section.

above.

(28) Te = 2.0 x Tr
(22) Ts = 0.3 x Dc

30. Calculate the reinforced section length.
25. Calculate the outside diameter (DO) of This is a scaled dimension from existing designs

the pressure cylinder. Complete derivation and it equals approximately 2.5 times toe

is presented in Reference 1 based on methods thickness of the end plates.

in Reference 4.
(29) Lr = 2.5 x Te

(23) Do - Dc x (ow / (Ow - Pmax))(

31. Calculate the total cylinder length (Lc).

or

(30) Lc - S + Ts + Td + (2.0 x Te)
(24) Do = Dc x exp (Pmax / Ow)

32. Calculate the unreinforced cylinder section

Use the greater value of Do from equations length (Lu).

23 and 24.

(31) Lu = Lc - (2.0 x Lr)
26. Calculate the cylinder wall thickness

(Tc) from the outside and inside diameters

of the cylinder. 33. Calculate the rod length (LI).

(25) Tc = (Do - Dc) / 2 (32) L S + Ts + Te + Td + 2.0

27. Near the ends of the cylinder additional where 2.0 (inches) is added arbitrarily
stresses exist due to bending near the end and may be changed depending upon application.

plates. The cylinder wall thickress is greater It means that 2 inches of the rod remain outside

in these regions by approximately 50%. Calling the cylinder at full compression.

it the reinforced section of the cylinder,

the reinforced wall thickness (Tr) is scaled 34. Calculate fully extended spring length

from the unreinforced wall thickness. (Lx).

(26) Tr = 1.5 x Tc (33) Lx = Lc + Li - Te - Ts - Td
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35. Calculate fully compressed (minimum) 43. Calculate total volume of steel (Vt).
length (Lmin). For the purpose of this calculation it is

assumed that the seal is made of steel.

(34) Lintn Lc + 2.0

(42) Vt z Vu + Vr + Vel + Ve2 + Vs + Vd + V1

36. Calculate volume of steel in the

unreinforced section of the cylinder (Vu). 44. Calculate the weight of steel in the

liquid spring (Ws).

(35) Vu = / 4 x (D02 - Dc2 ) x Lu

(43) WS = Vt x Ps

37. Calculate volume of steel in the reinforced

sections of the cylinder (Vr). 45. Calculate the weight of liquid in the

spring (W1 ).

(36) Vr = i /4 x (OD2 - D1
2) x 2.0 x Lr

(44) W1 = V x0 Pe

38. Calculate volume of the end plate on
the rod side of the cylinder (Vel). 46. Calculate total weight of the liquid

spring (Wt).

(37) Vei / 4 x (DC2 -D1 2 ) x Te Ws+

39. Calculate volume of the end plate on

opposite side (Ve2). The above procedure calculates the
necessary parameters to determine the

(38) Ve2 / 4 x Dc x Te order-of-magnitude spring geometry and weight.

40. 'alculate volume of the seal (Vs) EXAMPLE

(39) Vs = i / 4 x (Do2 - D1
2 ) x Ts The example in Figure 11 shows the

calculated parameters for sample shock isolation

÷ Calculate volume of drag plate (Vd). criteria.

V-- Vd = w / 4 x (Do 2 - D12 ) x Td

42. C culate volume of the piston rod (Vd).

(4' 1, = Ae x L
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* LIQUID SFRING.COM *
* MAREK L. WINIARZ *

* REV 2, SEPT 28, 1986 *

INPUT PARAMETERS

MAX FREE FIELD DISPLACEMENT IS 24 INCHES
MAX ACCELERATION ALLOWABLE IS 1.1 G'S
WEIGHT OF ISOLATED MASS IS 40000 LB
MAX SPRING OPERATING PRESSURE IS 17326.4368 PSI
MATERIAL YIELD STRESS IS 142000 PSI
MATERIAL ULTIMATE STRESS IS 160000 PSI
YIELD SAFETY FACTOR IS 1.25
ULTIMATE SAFETY FACTOR IS 2
PRELOAD POSITION IS 0 IN
SPRING PRELOAD FORCE IS 2200 POUNDS

OUTPUT PARAMETERS

SPRING DIMENSIONS
SPRING OUTSIDE DIAMETER IS 3.74Z3966 IN
CYLINDER LENGTH IS 27.3877103 IN
CYLINDER INSIDE DIAMETER IS 2.73538863 IN
ROD DIAMETER IS 1.20623856 IN
FULLY EXTENDED LENGTH IS 53.3877103 IN
FULLY COMPRESSED LENGTH IS 29.3877103 IN
TOTAL STROKE IS 24 IN

LIQUID VOLUME IS 141.038874 IN^3

WEIGHT CF SPRING IS 46.S663728 LB

Figure 11. Liquid Spring Design Example
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DESIGN AND TEST OF A SPACECRAFT INSTRUMENT SHOCK ISOLATOR

D. Schiff, N. Jones and S. Fox
Assurance Technology Corporation

Carlisle, Massachusetts

A shock isolator is required to protect the acceleLometer in a
satellite attitude control system against pyrotechnic shock.
This shock isolator must also yield an acceptable response to
the random vibration environment, maintain angular alignment
within 0.25 degrees of arc, and meet restrictive weight and
volume requirements. The time available for design, fabrication
and test precluded the custom fabrication of elastomeric parts.
After consideration of several design concepts, an approach was
selected which utilizes commercially available O-Rings as the
springs for the shock isolator. The final design provided
acceptable accelerations at the attitude control system when
tested to the specified shock and vibration environments, and
maintained angular alignment well within required limits.

1.0 INTRODUCTION approach was selected which utilizes
cor-mercially available silicone O-Rings
as the shock isolator spring elements,

Some spacecraft are equipped with integrated with readily machined alumi-
an Attitude Control System (ACS) which num and stainless steel parts.
contains Accelerometer Sensor Assemblies
(ASA). These ASAs are used on spinning
orbital space vehicles as part of an 2.0 ACCELERATION ENVIRONMENTS AND
active nutation control system. They ACCELEROMETER CHARACTERTSTICS
must perform to specification after
being subjected to pyrotechnic shock and The pyrotechnic shock acceleration
random vibration environments, and they response spectrum and the random vibra-
must also maintain their angular align- tion pNwer density spectrum specified
ment with respect to the mounting plane, for the shock isolator are shown in
A shock isolator is required to protect Tables 1 and 2, respectively. These
the ASA frcm the shock environMent, specifications were etimates of the

shock and vibration environment to which
This paper describes the design and the shock isolator would be exposed, and

test oZ an ASA shock isolator for a spe- they were used as design g~idelines. It
cific application, but the methods and was subsequently discovered, in pyrotech-
analysis may be used for the design of nic shock testing of tho flight configu-
other instrument shock isolators. In ration, that the actual pyrotechnic
the present case, in addition to shock shock environment was more severe than
reduction, the isolator must yield an specified at some frequencies. See
acceptable renponse to the random vibra- Section 7.0.
tion environmert, maintain the angular
alignment within 0.25 degrees, fit with- The accelerometer is tested by the
in a 2.4 inch diameter x 1.8 inch high manufacturer to meet all performance
envelope and weigh less than 0.6 pounds. specifications after being subjected to
Comercially available shock isolators a 250g peak, 11 millisecond, half sine
are too large and too soft and will not shock in three mutually perpendicular
maintain angular alignment after expo- axes and a 25g (peak) aine sweep from
sure to the acceleration environments. 20Hz to 2,000Hz in all axes. The accel-
The time that was available for design, eroaeter body is 1.00 inch diameter x
fabrication and test of the shock isola- 1.00 inch high, with a 1.16 inch square
tor precluded the custom fabrication of mounting flange, and a total weight of
an elastomeric part. After considera- 0.143 lbs. Two views of the accelerom-
tion of several design concepts, an eter are shown in Figure 1.
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TABLE 1
PYROTECHNIC SHOCK RESPONSE SPECTRUM

FR Y(Hz) SHOCK RESPONSE

FREQUENCY (ACCELERATION (g)

100 48

100-3,400 +7.Od/Octave

3,40C-6,000 2828

6,000-10,000 -3. 4B/Octave

10,000 2121

NOTES. 1. Shock testing is done when thte accelerometer is
non-operational.

2. The test tolerance is * 3dB of the specified acceleration from
1001s to 3,00011. Above 3,000Hz, the acceleration is maintain-
*d as close as possible to specified values within the limits
of the test facility.

3. The shock is imposed In both directions in each of three
mutually perpendicular axes for a total of six shocks.

TABLE 2
RANDOM VIBRATION POWER DENSITY SPECTRU4

FREQUENCY (Hz) POWIER SPECTRAL

DENSITY (g2 /Hz)

20 0.02

20-60 +10 43/Octave

60-200 0.80

200-400 -.4 dB/Octave

400 0.32

400-2,000 -9dB/Octave

2,000 0.0026

NOTZS. 1. Gras - 16.7g, with a *10% tolerance.

2. Random vibration testing is done when the accelerometer is
non-ope rational •

3. The tolerance is *1.5d4 of the specified power spectral
lansity from 20Hz to 5G001, and *3.OdI from 500zs to 2,000H1.

4. The random vibration Is imposed for 120 seconds in each of
three mutually perpendicular ax@s for a total of 360 seconds.
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3T 0 8BLECTION OF SHOCK ISOLATOR
FUNDAMENTAL NATURAL FRBQUENCY

Sa Applying the norfHlized, four coor-
dinate shock spectruml) with 5t damping

W - to the 250g peak, 11 millisecond halt
nine shock pulse (used by the manufac-

0 turer for quality assurance test pur-
posesl characterizes the shock response
acceleration as shown in Figure 2. The
manufacturer also provided the informa-
tion that the accelerometer component

so-. which failed, at acceleratioa levels
SL e---much greater than 250g, has a funda-

mental natural frequency in the range of
2,0008a to 2,5008s. Based on this data,
a design parameter was imposed on the
shock isolator that its fundamental

___________ natural frequency, o, correspond to a
L response acceleration of leas than 2509

as determined from the specified pyro-
technic shock response spectrum of Table

UI _ _LOW . 1. This results in an upper limit of Fo

us I + MA 415Hz.
TL The mauimum value of the 3-

sigma peak acceleration (Gpk) due to the
random vibration environment specified
in Table 2 is GRk - l17g which occurs at
FO a 200Hz. is value of Gk was
obtained using a value of transaibsibil-

Lao ms. ity, Q - 6, in the equation

MWW0an._ (1) Gpk - 3 (n1/2 - PSD * Q . ~h
Aere PSD = power spectral density.

The value Q - 6 was found to be approxi-
FIGURE 1: ACCELERONETKR OUTLINE mately correct when the shock isolator

"4"x

gint e. _ _ Its

FIGURE 2: ACCELERATION RESPONSE SPECTRUM FOR 250g PEAK,
0.011 SECOND HALF-SINE SHOCK PULSE
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was subjected to sine sweep tests and technic shock which provides the more
random vibration tests. The result is severe environment.
that the random vibration environment
produces peak accelerations which are 4.0 SHOCK ISOLATOR DESIGN
well below the 250g limit of the
accelerometer. The O-Ring shock isolator design is

The lower limit on Fo is determined shown in Figure 3. The base plate, out-

by the maximum allowable deflection in side support and center support are

the shock isolator, given by 6061-T6 aluminum; the mounting plate,
top support and screws are 303 stainless

2 inches), steel. The O-Rings are commercially
available and are silicone. The I axis

with G in units of g - 386 inch/second 2 , Is parallel to the accelerometer sensing
where it is assumed that all the deflec- -Ais and normal to the base plate. The
tion occurs in the shock isolator. The X axis is normal to the I axis and also
O-Ring shock isolator design allows a represents the third (Y) axis in analy-
maximum deflection of 0.030 inch in all sis and test. The larger, upper and
three axes before the O-Rings are com- lower O-Rings are the springs for the a
pressed to where the metal parts come axis motion; the smaller, center O-Ring
into contact. In the random vibration is the spring for the X-axis motion.
environment, a 3-sigma peak deflection All three O-Rings have the same thick-
of 0.030 inch occurs at FO - 194 Hal in ness of 0.103 inch. The shock isolator
the pyrotechnic shock environment, a design allows a 0.030 inch clearance
0.030 inch deflection occurs at Fo - between metal parts separated by 0-
171Hz. Rings, i.e., the O-Rings must be cow-

pressed 0.030 inch before the metal
The median value of Fo between the parts touch. The total weight of the

upper limit of 415Hz imposed by accel- shock isolator is 0.952 lbs., and the
eration and the lower limit of 194Hz weight supported by the O-Rings is 0.577
imposed by displacement is 305Hz. A lbs. The center of gravity (CG) of this
design goal of F0 w 300Hz was chosen, 0.577 lbs. is at the center of the three
with a desired range of Fo - 250Hz to O-Ring configuration.
350Hz to allow for uncertainties in
spring constants due to material varia- The base plate fundamental
bility and analytical estimates. Table natural frequency was measured to be
3 shows the calculated accelerations and 3,100Hz (sine sweep tests) and the out-
displacements due to the shock and side support fundamental natural fre-
random vibration environments. At Fo = quency was estimated to be in excess of
250Hz, the 0.022 inch displacement is 25,000Hz. These frequencies are much
73% of the design clearance of 0.030 greater than the 300Hz shock isolator
inch. At Fo - 350 Hz, the acceleration design goal and are effectively isolated
of 206g is 820 of the design limit of from the accelerometer by the shock
250g. In both cases it is the pyro- isolator.

TABLE 3
CALCULATED ACCELZRATIONS AND DISPLACEMENTS

PYROTECHNIC SHOCK RANDOM VIBRATION 3-SIGMA VALUES*
F0 (Hz) ACCELERATION (g) DISPLACEMENT (INCH) ACCELERATION (g) DISPLACEMENT (INCH

250 139 0.022 112 0.018

300 172 0.019 109 0.012

350 206 0.017 106 0.009

*Values based on an assumed transmissibility of Q-6
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S2.40"Z

TOP SUPPORT 2."

UPPER "0" RING (2 1/16 O.0. REF) ACCELEROMETER X

CENTER SUPPORT

C-ENTER "0" RING (1 3/4 0.D. REF)

LOWER "0" RING (2 1/16 O.D. REF) .

MOUNTING PLATE ACCELEROMETER 1.80"
AND TRIM PWB ASSEMBLY

OUTSIDE SUPPORT

SHIN (AS REQUIRED)
3 MOUNTING POINTS

BASE PLATE

FIGURE 3: SHOCK ISOLATOR DESIGN

5.0 SHOCK ISOLATOR ANALYSIS spring constant for a single O-Ring
along an axis normal to the plane of the

The O-Rings support a total mass of O-Ring is given by (2)
m - 0.577 lbs. With a design goal of Fo
- 300Hz for the shock isolator funda- (5) K - 3.95 E D (6/d)h lbs/inch
mental natural frequency, the required where E - Young's modulus
spring stiffness, K, may be found from D - mean diameter of O-Ring
the expression d - thickness of O-Ring

6 - preload compression of(3) Fo - (1/211). (Kg/m)h. O-Ring

Using the above values of Fo and m in This formula provides results in close
equation (3) yields agreement with experiment up to values

of (6 /d) - 0.15, and yields lower K
(4) K = 5.310 lbs./inch, values than experiment for (6/d) >0.15.

The underestimate of K at (6/d) - 0.24
the spring constant required for motion is apparent from the sine sweep and
in both the Z and X directions, random vibration tests.

The silicone O-Ring material is The 0-Rings chosen for the Z direc-
typical of many rubber-like materials tion springs have values of D - 1.97
and has non-linear stress-strain charac- inch and d - 0.103 inch, and the shock
teristics, with the static modulus of isolator is designed to preload and
elasticity increasing with strain and compress them by 6 a 0.025 inch. Since
also dependent on the shape factor (geo- the two O-Rings are in parallel, each
metric configuration) of the material one must produce half the stiffness
being strained. This results in the specified by equation (4), or 2655
static spring stiffness, K, increasing lbs/inch. Substituting these values
with strain. The O-Rings are preloaded into equation (5) and solving for the
by compressing them to a designed frac- Young's modulus yields a value of E -
tion of their unloaded thickness, in 693 psi. The O-Ring material is char-
order to accommodate the displacements acterized by its hardness as measured on
shown in Table 3. The spring stiffness the Shore Durometer A Scale, which is
calculated for this preloaded condition related to Young's Modulus, E. (3*,4) A
is used as the mean value of K and is value of E - 693 psi corresponds to a
designed to be equal to the value of durometer of 62*2. As stated above,
5,310 lbs/inch obtained in equation (4). however, the actual K value will be

greater than calculated for the (6/d) -
5.1 Z Direction Analvsis 0.24 design value, and the 62 durometer

value ia an overestimate. Also, the
In the Z direction the two O-Rings correlation between hardness and Young's

act as parallel springs between the modulus is only reliable under static
movable mass, m, and the fixed center conditions. In rubber-like materials
support (see Figure 3). The static such as silicone the dynamic modulus of
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elasticity is complex and is a function as a spring between the movable mass, m,
of frequency and displacement amplitude and the fixed center support (see Figure
from the equilibrium position, as well 3). The static spring constant for an
as other factors.( 5 , 6 ) Fundamental O-Ring along an axis lying in the plane
natural frequencies calculated from of the O-Ring is given by (7)
static measurements of E may be in error
by a factor of 2 or more, either too (8) K - 5 LG,
large or too small, compared to dynamic
measured values of Fo. Since the where
dynamic complex values of E versus
frequency are not known for most mate- (9) = 8011(A 2+B2 )
rials used in commercially available [25(A4+B4)ln(A/B) -9(A2-B')]
O.-Rings, the best that can be done is to
use the static value of E as a starting where G - shear modulus
point and modify the choice of durometer L = thickness of compressed O-Ring
based on the experimental results, in the direction normal to the

From equation (5) it is--seen that plane of the O-Ring,
the spring constant is nonlinear and A - outside diameter of compressed
proportional to the square root of the 0-Ring in the 0-Ring plane,
compression, 6. However, when two 0- B inside diameter of compressed
Rings are used ir. parallel as shown in O-Ring in the O-Ring plane.
Figure 3, and the supported mass is The single O-Ring chosen for the X direc-
dynamically displaced a distance y from tion spring has a mean diameter of 1.652
the ^quilibrium position where both 0- pinghhas a mean d e of 1.652
Rings have the same value of 6 due to inch and a thickness of 0.103 inch. It
the designed preload, then one O-Ring is placed in the center support groove
has r larger value of 6' - 6 + y and the and compressed by insertion of the mount-
other O-Ring has a corresponding so•aller ing plate to conform to values of A -
value of 6' - 6 - Y . The acdition of 1.709 inch and B w 1.552 inch. This com-
the resulting spring constants in paral- pression results in a value of L - 0.106
lel yields inch, based on a constant volume O-Ring

cross section. Using these values in
(6) K K(6+y) +(6-y) (8) and (9) results in 8 - 163 and

(3.95ED/d") [(6+y)h + (6-p(1]
3.95ED(G/d) 2 [1-1/8 (Y/6) ] (10) K = 17.3G lbs/inch

wherey J iynamic displacement from equi- using in equation (10) the value of K -

librium position. 5,310 lbs/inch from equation (4), the
shear modulus is found to be

From equations (5) and (6) it may (11) G - (307 psi)
be shown that a dynamic displacement by
Y inches from a preload position results for the single O-Ring, corresponding (3)
in much less non-linearity for the two to a durometer of 7412.
O-Rings in parallel, compared to a
single O-Ring: As noted previously, values of F

(7) (KI-K) /K - 1/2 (-y/6 1/8 (-y / 6) 2  calculated from static measurements of
for one 0-Ring, may be in error by a factor of 2 or more

- -1/8 (y/6) for two in either direction, and the durometer
O-Rings in parallel, value found above for the X-axis O-Ring

should be used only as a starting point
where K' - spring constanc when the sup- to be modified based on experimentalwher K' sping onsana henthe up- results.
ported mass is dynamically displaced a
distance y from the preload compression
6, K - spring constant at preload 6.0 SINE SWEEP AND RANDOM VIBRATION
compression 6. TESTS

For (y/6) - 0.5, a typical Cynamic oper- 6.1 Test Description
ating value, equation (7) will yield a
va t of (K'-K)/K - +0.219 for one 0- Sine Sweep and random vibration
Ri versus -0.031 for two O-Rings in tests were performed at National Tech-
pai lel, or a 22% increase in K versus nical Systems in Acton, MA. Both types
a - decrease in K. The two O-Ring of tests utilized a Ling Model A-300
design will introduce less non-linearity shaker table with PCB Model 302A and
than would a single 0-Ring. 303AO3 single axis accelerometer and a

Hitachi Model U-134 oscilloscope to moni-
5.2 X Direction Analysis tor wave forms. The accelerometers have

an atcuracy of ±5% over the frequency
In the X direction one O-Ring acts range of 20Hz to 2,000Hz. In the sine
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sweep tests an Unholtz Dickie Model 6.2 Test Results
OSP-4 oscillator was used to control the
input frequency, and a log converter was Tables 4 through 6 present the
used with an MFE Model 715 x-y plotter results of the sine sweep and random
to plot output acceleration versus fre- vibration tests. In these three tables
quency. For the random vibration tests the durometer value is for the O-Ring(s)
a GenRad Model 2503 vibration analyzer acting as a spring along the axis indi-
was used in conjunction with a Honeywell cated in the table title. Test type SS
Model 5600E tape deck. Each test was is a sine sweep and test type RV is a
made with an accelerometer on the shock random vibration test. The fundamental
isolator base plate, used as a control natural frequency, F, and transmissibil-
to measure input ac(eleration, and an ity, Q, are found directly from the
accelerometer -n the top of the dummy resonance peaks (see Figures 4 and 5),
accelerometer, to measure acceleration using the measured input acceleration,
after the shock isolator. The two accel- G, for the sine sweep tests and the
erometers were oriented to measure accel- measured input power spectral density at
eration in the same dircction, i.e., F for the random vibration tests. For
along the X axis or along the Z axis. the sine sweep tests, the dynamic dis-

placement, Y, is calculated from the
Several tests were made for each measured values of G, Q and F using the

axis orientation for all sine sweep relation
levels (1g, 5g, and 10g) and for random
vibration tests. The random vibration (12) Y = 9.8 G Q/F 2

tests were also run at AVCO Systems
Division in Wilmington,MA over tempera- For the random vibration tests, the 3-
ture ranges of -20 0 C to +250C in the X sigma peak output acceleration, GDk, is
axis and -30 0 C to +50*C in the Z axis. calculated from the measured values of
The difference in temperature ranges was F, Q and power spectral density using
due to available test time. equation (1). The dynamic displacement,

Y, is then found by substituting Gpk for
G Q in equation (12), yielding a 3-sigma
peak dynamic displacement.

TABLE 4
SINE SWEEP AND RANDOM VIBRATION TEST RESULTS

Z AXIS 40 DUROMETER

FUNDAMENTAL TRANSMISSIBILITY INPUT OUTPUT I
TEST NATURAL AT ACCELERATION ACCELERATION DYNAMIC DYNAMIC
TYPE FREQUENCY, RESONANCE AT RESONANCE, AT RESONANCE, DISPLACEMENT STRAIN

F (Hz) Q GIN (g) GOUT (g) y (INCH) 6

SS 283 6.2 1 6.2 0.001 0.01

SS 260 5.3 5 26.5 0.004 0.05

SS 246 5.6 10 56.0 0.009 0.12

RV* 248±2 6.1±0.3 - 114±2 0.018±0 0.23±0

Static Calculation: F * 166Hz

*The random vibration input level is Grms = 16.7g, and the oktput
acceleration, dynamic displacement and dynamic strain are three-
sigma peak values. These three-sigma peak values are increased
by 18±1 percent if the relationship Gpk=3 Grms (out) is used in
place of equation (1). These data are an average of three tests.
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TABLE 5
SINE SWEEP AND RANDOM VIBRATION TEST RESULTS

X AXIS 60 DURO0dETER

FUNDAMENTAL TRANSMISSIBILITY INPUT OUTPUT
TEST NATURAL AT ACCELERATION ACCELERATION DYNAMIC DYNAMIC
TYPE FREQUENCY, RESONANCE AT RESONANCE, AT RESONANCE, DISPLACEMEN STRAIN

F (Hz) Q GIN (g) GOUT (g) Y (INCH)

SS 254 6.8 1 6.8 0.001 0.01

SS 230 6.8 5 34.0 0.006 0.08

SS 223 7.7 10 77.0 0.015 0.19

RV* 184±1 6.2±0.7 - 113t6 0.033t 0.42

0.001** ±0.01

Static Calculation: F - 210ilz

*The random vibration input level is Grms - 16.7g, and the output
acceleration, dynamic displacement and dynamic strain are three-
sigma peak values. These three-sigma peak values are increased
by 9±1 percent if the relationship Gpk=3 Grms (out) is used In
place of equation (1). These data are an average of three tests.

"**This deflection exceeds the design clearence of 0.030 inch.

TABLE 6
SINE SWEEP AND RANDOM VIBRATION TEST RESULTS

X AXIS 70 DUROMETER

FUNDAMENTAL TRANSMISSIBILITY INPUT OUTPUT
TEST NATURAL AT. ACCELERATION ACCELERATION DYNAMIC DYNAMIC
TYPE FREQUENCY, RESONANCE AT RESONANCE, AT RESONANCE, DISPLACEMENT STRAIN

F (Hz) Q GIN (g) GOUT (g) y (INCH)

SS 387 5.7 1 5.7 0.0004 0.005

ss 343 5.3 5 26.5 0.002 0.03

SS 322 6.2 10 62.0 0.006 0.08

RV* 230±4 5.7±0.2 - 112±2 0.021 0.27
±0.001 ±O.01

Static Calculation: F = 268Hz

*The random vibration input level is Grms = 16.7g, and the output
acceleration, dynainIc displacement and dy.iamic strain are three-
sigma peak values. These three-sigma peak va'iues are increased
by 10*0 percent if the relationship Gpk- 3 Grms (out) is used in
place of equation (1). These data are an average of three tests.

36

-_.__ _ _ _ _ _ _,_.__ _ _ _'



100

'I

4A

0.I _ __11_ _ _- -

10 100 1000 5m0
FMAXUEWtY, Nz

FIGURE 4: TYPICAL ISOLATOR ACCELERATION OUTPUT, SINE SWEEP TEST

too. ..................

to

=%

oj

I - - A I I I

FRGIANCY, HE

FIGURE 5: TYPICAL ISOLATOR ACCELERATION OUTPUT, RANDOM VIBRATION TEST

-37



The dynamic strain is obtained from would bring the Z axis frequency closer
to the 300Hz goal; but the dynamic din-

(13) E - 1/0.078 placements are well within the design
allowable maximum of 0.030 inch. Compar-

where the preloaded O-Ring thickness of ing Tables 5 and 6, the 60 durometer
0.078 inch equals the undeformed O-Ring material results in an excessive dynamic
thickness of d - 0.103 inch minus the displacement in random vibration, where-
design preload compression of 6 - 0.025 as the 70 durometer material is accept-
inch. No change in F was measured over able. A choice of 65 durometer for the
the temperature ranges of -20'C to +25'C X axis O-ring would come closer to the
in the X axis and -25'C to +501C in the 300Hz goal. The small standard errors
Z axis. of the data from the repeated random

vibration tests in all three tables adds
The static calculation of frequency to the confidence in the test data.

at the bottom of each table was done
using equations (3) and (4), with equa- During the second and third random
tion (5) for Table 4 and equation (10) vibration tests in the Z axis (Table 4)
for Tables 5 and 6. In equation (5),the and the second and third random vibra-
value of E - 213 psi was used for the 40 tion tests in the X axis with the 70
durometer material, and in equation (10) durometer O-Rings (Table 6) an electri-
the values of G - 150 psi and G - 245 cal circuit was used to detect any tran-
psi were used for the 60 durometer and sient short circuits which might occur
70 durometer materials, respectively.( 3 ) between the center support and either

the top support or the accelerometer and
6.3 Discussion of Test Results trim PWB assembly. See Figure 3. No

short circuits occurred, indicating that
The design resonance peaks are the O-Rings were not compressed suffi-

clearly seen in Figures 4 and 5, which ciently to allow metal-to-metal contact.
are typical of the sine sweep and random
vibration test data. The small second- The ability of the shock isolator
ary peak seen in Figure 5 at about 700Hz to maintain the accelerometer angular
is present in all of the random vibra- alignment with respect to the mounting
tion test data and is completely absent plane was tested by measuring the dis-
in all of the sine sweep test data. tance from the bottom of the outside
This 700Hz peak is most likely due to support to the top of the top support
non-linear ef2ects which occur in the (see Figure 3) at three reference points
random vibration tests and are absent in 1200 apart on the two inch diameter
the sine sweep test. perimeter of the top support. These

measurements were made before and after
The disparity between the static random vibration testing by removing the

calculations of F and the measured base plate, placing the outside support
dynamic values of F in Tables 4 through on a surface plate, and using a drop
6 is not surprising in view of the com- gauge with a dial indicator accurate to
ments in Section 5.1. Also, the very 0.0001 inch to measure the height from
low static value of F in the Z direction the surface plate to the three reference
(Table 4) may be due in part to the inac- points. These measurements indicated a
curacy of equation (5) ani its tendency change in angular alignment with the
to underestimate stiffness at large surface plate of approximately 0.020, an
values of 6/d. order of magnitude less than the allow-

able angular alignment change of 0.250.

The monotonic decrease of frequency In summary, the sine sweep and ran-
with increasing dynamic strain in all dom vibration tests demonstrate that the
three tables is attributed to the shock isolator will provide a resonance
decreese in dynamic modulus with increas- frequency in the design range of 250Hz
ing dynamic strain observed in rubbers to 350Hz with substantial acceleration
and other polymers.( 8 ) See equations attenuation at higher frequencies. When
dyti(3), (5) and (i0). The increasing subjected to the specified random vibra-

dynamic strain is due to the increasing tion environment the dynamic displace-
accelernt(on, as seen from equations ment of the movable parts are well
(12) and (13). The absence of any meas- within the acceptable design range, the
urable change in F, over t themperature change in the angular alignment is con-
ranges of -20 C in the X axis siderably less than allowed by specaftca-
and -30tC to +500C in the Z axe indc- tlon, eand the three-sogma peak output
cates the temperature range over which acceleration at the resonance frequency
the shock isolator may be used without is much ltss than the accelerations toperformance degradation. which the accelerometer is subjected by

the manufacturer's test procedure. Com-
From Table 4, it may be concluded paring the three-sigma acceleration of

that a slightly higher durometer, 45, 112 to 114g (Tables 4 through 6) to the
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manufacturer's acceleration response Data were obtained for three sepa-
test spectrum (Figure 2) at the reso- rate shock tests of increasing severity.
nance frequencies of 184 to 284Hz, it The third test, which resulted in the
may be seen that the manufacturer's test largest accelerations, was judged to
spectrum is far above the three-sigma closely simulate the flight aituation
peak output acceleration from the speci- and it is this data which is reported in
fied random vibration environment, the following sections.

7.0 PYROTECHNIC SHOCK TESTS 7.2 Test Results

7.1 Test Description Figures 7, 8 and 9 show the shock
response spectra "measured at the dummy

The shock isolator with a dummy accelerometer a~ong the three axes.
accelerometer, as described in Section These axes are oriented the same as in
6.1, was instrumented with three, single Section 6: the Z axis is normal to the
axis accelerometers stacked on top of base platel the X and Y axes are paral-
one another and attached to the top of lel to the base plate. (see Figure 6).
the dummy accelerometer. See Figure 3. The X and z axes are transverse to the
40 durometer material was used for the Z beam, and the Y axis is in the beam
axis O-Rings and 70 durometer material longitudinal direction. Figure 10 shows
for the X axis O-Ring. The base plate the X axis shock response spectrum of
was mounted to an ACS flight structure. the beam to which the accelerometer
The shock was produced by separation shock isolator base plate was bolted.
ordinance to simulate actual flight con- This spectrum (Figure 10) is the input
ditions. Figure 6 shows the accelerom- to the accelerometer shock isolator in
eter shock isolator and the beam to the X axis. The double trace seen in
which it was bolted, with the X, Y ard Z the shock response spectra of Figures 7
axis indicated. The only sensor instru- through 10 is the positive and negative
menting the beam was a single axis accel- acceleration response due to the asym-
erometer mounted on .;he back of the beam metry of the time history data in the +G
and oriented to measure the X-axis and -G directions. The shock responses
response. All of the accelerometer of the beam in the Y and Z axes were not
signals were amplified, recorded, and measured, and no data is available for
processed through a shock spectrum the input to the accelerometer shock
analyzer. Both real time acceleration isolator in the Y and Z axes. Figures
histories and shock response accelera- 11 and 12 show the type of time history
tion versus frequency data were data from which Figures 7 through 10
obtained, were generated.

Table 7 presents the pyrotechnic
shock test results in terms of the peak
frequencies and accelerations recorded

X CCEOMEER in Figures 7 through 10. The peak fre-
SHOCKISOLATOR quencies and measured accelerations were

taken directly from the figures, and
BEAM were then used in equation (2) to esti-

mate the deflection or compression of
the O-Rings in the shock isolator, next
to the last column of Table 7. Also
shown in Table 7 for comparison purposes
are the values of the originally speci-
fied accelerations from Table 1 and the
manufacturer's screening test values of
the accelerations from Figure 2 at the
measured peak frequency. The last
column in Table 7 presents the absolute
values of the peak accelerations takenfrom the time history data. See Figures11 and 12 for examples.

SLOCAT0N 45
ACCELEOMT ER, EIE WINRTLIMEV'nNI

FIGURE 6: ACCELEROMETER SHOCK
ISOTATOR/BEAN CONFIGURATION WITH

COORDINATE AXES
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TABLE 7
PYROTECHNIC SHOCK TEST RESULTS

ESTIMATED TIME
PEAK PEAK ACCELERATION VALUES. G (A)(1) DEFLECTION(2] HISTORY("

LOCATION AXIS FREQUENCY (Hz) MEASURE SPECIFIED SCREEN D (INCH) PEAK G (g]

Beam X 280 213 159 286 0.027 495

Beau X 750 650 500 263 0.011 495

Dummy X 284 287 162 286 0.035(4) 52
Accleromaeter

Dummy y 300 120 172 285 0.013 36
Accelerometer

Dummy Z 284 133 162 286 0.016 93
Accelerometer

Dumy Z 700 327 461 265 0.007 93
Accelerometer

NOTES: 1. Neaured values of G are taken directly from Figures 7-2 thru 7-6.
Specified values are calculated from the originally
specified pyrotechnic shock response spectrum of Table 2-1,
for the peak frequency. Screened values are those used by the
manufacturer for screening tests and are obtained from
Figure 3-1 for the peak frequency.

2. The estimated deflection is calculated from equation (2)
using the values of peak frequency and measured G.

3. This is the absolute value of the maximum positive or
negative acceleration recorded on the time history plots.

4. This deflection exceeds the design clearance of 0.030 Inch.

The maintenance of accelerometer At the frequency peaks seen in
angular alignment was tested by making Figures 7 through 9 (284Hz-300Bz) the
measurements before and aftec pyrotech- shock response acceleration, Go, at the
nic shock tests, as described in Section dummy accelerometer should be the same
6.3. The results indicated a change in as the shock response acceleration at
angular alignment an order of magnitude the shock isolator base plate. The
less than the allowable value of 0.250. shock response acceleration in the beam,

G3, to which the shock isolator base
7.3 Discussion of Test Results plate is bolted should be greater than

I at these frequencies, since there
Examination of Table 7 shows a 3279 will be some attenuation of the shock in

acceleration peak at 700Hz measured at transversing the bolted joint between
the dummy accelerometer along the Z the shock isolator base plate and beam.
axis. This peak exceeds the manufac- Examination of the GO values (measured
turer's screening test acceleration of peak acceleration values) in Table 7
2659 at 700Hz. Although the input shock showp that Got and consequently GB, are
from the beam was not measured in the Z significantly larger than the specified
direction, there was a 650g peak at acceleration in the X axis. In the Y
750Bz measured in the beam in the X and Z axes Go is less than the specified
direction, compared to a specified level acceleration. Also, there is an anomaly
of 5009 at 750Hz. This 750Hz peak may in the X axis measured values of acceler-
have been present in the beam in the z ation which shows the response at 284Ha
direction also and may account for the in the dummy accelerometer, Go - 287g,
700Hz peak seen at the dummy accelerom- to be greater than in the beam, GB .
eter in the Z direction. All other 213g. This may be explai-d by the
acceleration response data at the dummy estimated deflection of 0.035 inch in
accelerometer fall on or below the manu- the dumy accelerometer, a deflection
facturer's screening test values, which exceeds the design clearance of
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0.030 inch. If metal-to-metal contact spring design between the Z axis and the
occurred, it could result in the higher X/Y axes.
acceleration seen in the dummy accelerom- Table 10 summarizes the average
eter. It should be noted, however, that values of the four parameters for the
the dummy accelerometer's measured X four flight units. The Po and F(Q-l)
axis acceleration of 287g at 284Hz is values for the SA tests may be expected
essentially equal to the manufacturer's to decrease as the input acceleration is

screening test acceleratior • 204Hz. increased beyond lg, as is seen in
Tables 4 through 6. The peak accelera-In sumary, the only occurrence of tions due to RV will be must less than

exceeding the manufacturer's screening 250g, and the SS data indicates adequate
accelerations was where the input accel- attenuation of the observed shock
eration was greater than the design response spectrum for the highar
specification. Based on manufacturer's requens.
information (Section 3.0) the measured frequencies.
acceleration of 327g at 700Hs should be TABLE 8
acceptable. VARIABILITY BETWEEN FOUR FLIGHT UNITS

8.0 FLIGHT UNIT TESTS PARA1ETER SINE SWEEP RANDOM VIBRATIONTESTS TESTS

The first four flight units pro- -,

duced for spacecraft use were subjected
to sine sweep (SS) and random vibratiou Fa 3.3Z 4.41
(RV) tests as part of a screening proce-
dure prior to shipmer... Each unit was F(Q-1) 5.7Z 4.5%
subjected to a lg SS and a RV test (Grins
- 16.7g) in each of the X, Y and I axes. Q(Fo) 11.11 3.3%
Four paramters were chosen for comparing
test results among flight units. These Q(F-1,000) 5.8Z 8.6%
paraineter.3 are:

parameter &roe . herea in the table at* the
"e The measured resonance fre- coefficlert of variation, CV - 100

quency, Po; a (stuaderd deviation)/(maen).

2. see text folý defleltion of Paten-

" The transmissibility at reso- aters and expleantions of the

nance, Q(Fo); table.

TABLE 9
" The frequency, F(Q-1), at VARIABILITY BETW"kN TUPtE AXES

which the value of Q equals
unity; and SINE SWEEP RLNDOM VIBRATIONPARAMETER TESTS TESTS

0 The transmissibility at F -
TESTS

1,000 Hs, Q(F-l,000).
FP 4.51 3.9Z

These parameters were used for compari-
son purposes on both the SS data and the P(Q-1) 5.5% 6.31
RV data. Table 8 presents the coeffi-
cient of variation (CV) of the test Q(Fo) 15.21 4.91
results from the four units for each of
the four parameters for both the SS and Q(F-1,000) 10.71 3.31
RV tests. The data was generated by
normalizing each of the four test values
for a given axio to the average value NOTE: See notes to Table 8
for that axis, and then using the twelve
normalized values from all three axes to TABLE 10
obtain the CV. These units were all AVERAGE PARAMETER VALUES FOR FOUR FLIGHT UNITStested at AVCO Systems Division in
Wilmington, Massachusetts, and show SINE SWEEP kANDOM VIBRATION
remarkably little variability in test PARAMETER TESTS TESTS
results.

Table 9 shows the variability
between the three axes based on the aver- Fo, Hs 351 270
age vlues for all four units in each
axis separately. There is little varia- F(Q-1), HZ 558 383
tion of Po or F(Q-1) between axesl and
only the SS tests show a modest variabil- Q(Fo) 7.9 5.1
ity between axes for the parameters
Q(Fo) and Q(F-l,000). These are small Q(F-1,000) 0.28 0.47
variations considering the difference in
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In this paper, thb vibration isolation technique of mounting
a structure on a surface which permit sliding is studied

The periodic response of the structure with many degrees of
freedom on sliding base is calculated by the use of Fourier
series to represent the frictional force. The occurrence of
subharmonic resonance frequencies is explainad, and the
prevention of these subharmonic is liscussed with the support
of a model Test together with an analytical calculation.
Lastly, a stochastic analysis for such a system is presented.

INTRODUCTION Coulumb frictional force into a Fourier
series. The series nolulwion of the

Sliding base is a very si e and periodic response sro%-q clearly that
economical device for vibratiou iso- those subharmonic resonant peaks are
lation which has aroused considerable .induced by the superharmonic components
interests in aseismatic engineering [1 of the frictional force. Hence, if the
- 4]. It has been shown that the frictional force is controlled so that
response level at resonance frequency the sliding interface is locked rigidly
of a structure resting on a sliding when the exciting frequency is lower
base can be much lower compared with than the fundamental frequency of the
that on a non-sliding fixed base. How- system, anv. •i.e interface slides at the
ever, a sliding system also has several resonant freiuency, then all the sub-
subharmonic resonant frequencies and harmonice •elow the fundamental
the peak response of such a system to frequer>y w±Vi disappeared. Since the
harmonic excitation may not necessarily resonanr t Vjnse is much higher than
be less than that of a fixed base those asn-.t.sonant responses, it is not
systemill. This can be a problem to diftiLu-t to realize such control in
the engineering applications of the the :ric~onal force. With this con-
sliding base system. tro!.. 6.a fundamental frequency of a

sytfyr, with sliding base will not
In this paper, the periodic ciAigd from that of the same system

response of the sliding base system wi...t fixed base. Therefore, it is
with single and many degrees of applicable for the isolation of those
freedoms are analysed by developing the structures having low fundamental
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frequency to low frequency excitation, The advantages of using Fourier series
such as buildings or engineering to represent the Coulumb force are that
structures to withstand earthquake, (1) the occurrence of subharmonics can
wind or wave loading, be explicitly explained, (2) simple

solutions corresponding to each sub-
harmonics can be derived, and (3) most

FOURIER SERIES SOLUTION OF A SLIDING importantly the series solution of a
OSCILLATOR TO HARMONIC EXCITATION many-degrees-of-freedom system can be

easily obtained.
Since the resonant response is much

higher than those responses at non- Let x x (4)
resonance frequencies, only the slip- a-1,3,5. n
slip peviodic motion of a system to
harmonic excitation at its resonance
frequency is considered. The analy- y Yn (5)
tical model of the system is shown in n-1,3,5...
Fig. 1.

then a system of infinite linear
equations can be obtained:

n n nw " +w" n 4 sn nwlt~i+n ugu
+2XXX~~ ... .. ( 1-6n)ln

i (t) - -An sin nwt - yxn (7)
sliding force

in which n-1,3,5...- and xn, Yn are the
nth harmonic components corresponding to
the nth harmonic excitation of the
frictional force.

Equation (6) is the motion equation
Fig. 1 - Coordinate systems of a system with a single-degrse-of-
for the sliding oscillator freedom. The solution is given as

Xn(t)" 4iyn

The motion equations of the system n t) yrŽ3i
for the state of slip-slip motion are 1
given [1l

g/ -- -(nW)2 ]I + [2W' ,'(nw)
x+ 2w; ' +w x -U+ n 1-6 sn ysin(nwt + *n) ....... (8)

y(t) - ug-agn(z -y)- yx (2)
2V' w(nw)

c Cn =tan-1 n (9)
where w - /(k/m,), = 2/(kmx) Pnws

m_ The peak values and the corresponding

ml + mI frequencies are given respectively by:

n 1n , and Xn( m (10)
"" - m, nwt10

• i-y)- W (71-t n'• ')/n, n - 1,3,5... - (11)

In Eqs. (1) and (2). jig -sgn (ý-y)is
the frictional force which can be These are the n subharmouic resonant

expressed by a Fourier series as peaks which are induced by the super-
harmonic components of the frictional

so force.
-ugsgn(i-j)- + E - sin nwt (3)n-1,3,5... nr
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FOURIER SERIES SOLUTION OF A MANY- the Fourier series expansion for the
DEGREES-OF-FREEDOM SYSTEM WITH frictional force for the system with
SLIDING BASE TO HARMONIC EXCITATION many-degrees-of-freedom is

The motion equations of a many- 4F
degrees-of-freedom system with a -Fosgn(z-y)-+ 0 4sinnf t
frictional sliding base are n-1,3,5... ni

......... (14)

+ _ j + K (12) Let y- E Yn (15)
n-1,3,5...

moY + Q(t) - -F 0 sgn(z-yj) (13)
x- E xn

where Fo to the magnitude of Coulumb n-1,3,5...
force.

The simple model of this system is Qn (17)

shown in Fig. 2. Equation (12) is the n-1,3,5...
'motion equation of the clamped upper-

structure excited by a base acceleration z=- E zn (18)
movement Y, where I is a vector in n-i,3,5...
which every element is 1. Equation (13)
is the motion equation of the base, then a system of infinite linear
where mo is its mass and Q is the equatious can be obtained:
shearing force at the root section of
the clamped upper-structure. Mn +Ci +K•n i n (19)

n n n
Following the treatment of the

system with single-degree-of-freedom,

x

P Fo Sgn(y-•)

F Q F

(a) (b) (c)

Fig. 2 - Simple model of a utructure with slidin& base

(a) model of a structure with sliding base

(b) motion of the system

(c) forces on the base
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4F 0 sin PREVENTION OF SUBRARMONICS
Ot + nll The occurrence of subharmonics can

4F be explained by the Fourier series
W n Im(en) (20) solution of the slip-slip periodic

nir equations (1), (2) and (12), (13). If
The solution of Eq. (19) gives the the excitation is so small that the
Thspaeent s onse o q(1)gebase shear cannot overcome the

displacement response frictional force, then the system will

be locked rigidly at its own base.
xn -[-1) 2 M+iw C+K]- 1 MiY (21) Hence there is no sliding movement andy- z. The oscillator system in Fig. 1will be reduced to a simple damping
The inverse matrix in Eq. (21) is the mass springcsyste Its frequnc

transfer function matrix of the clamped respons s

super-structure. It can be calculated response is
by a general finite element program: io sin (wt +)

x(t) ( (26)

i n- _M+ Jn2 + K)w

T 1 2 2 z1 = sinwt is the movement acceleration
Tw w2 +2it w () o? ground surface with the peak

value

where the matrix t is composed of the
eigenvectors, the matrix 0t) -- 0 (27)

[•z- •2 1+ 2 i 1 is a diagonal Imax Y(

w Y W2 21tY WY wwhich occurs at the frequency w ow•n.
spectrum matrix, index "T" means tran-
spose and wn -nw. It must be pointed out that if the

In Eq. (20), Qn(t) is the nth base of the system is so designed that
harmonic of base shearing force which it locks when exciting frequency is
can be determined by the sumeation of lower than the fundamental natural wnp
inertia or internal forces: and yet it slides at this frequency,

then the frequency response of the
T~i x oscillator system will be determined by

Q(t) M -! m a xi - 1T equation (26), and all the subharmonicsn l i- n T which are less than wn will disappear.

M TciwC + K11]1n I n During resonance w =wn, the peak
responses of the system are contin-

"- Qny (23) uously growing linearly in time. Once
the response of base shearing force

Using Eqs. (22), (23), Eqs. (19) and overcomes the frictional force, then
(20) becomeq the sliding occurs. After some tran-

sient cycles, a stable periodic states
will be achieved: the envelope of the

. 4Fo 1 einwt) (24) peak responses will be at a constant
niy 4nn+•moe level and there is no more growth in the

peak response.

xn - nM 1~ n(t) (25) Since sliding occurs at w -w, then npeak value of the response of the

For a system with m degrees-of- oscillator is not determined by Eq. (27),
freedom, there are m natural but determined by Eq. (8) at w =wn:
frequencies, and the frictional force

contains up to nth harmonic compoments 1
Hence, there will be (m x n) subhar- xn 4w__/_____)n____+__U__
monics in the system. The response of T -n
a 5 D.O.F. system rith sliding base has ....... (28)
been calculated. For clarity, however,
only the peak responses corresponding Since the response of fundamental mode
to the first and the second modes are is dominant, so the peak response can
plotted in Fig. 3. be approximated as
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(a) (b)

(10-6) Kg-cu

6.
5'KIlcal 4-

. j 3 .
200. , a 2

1a 4

SII'
100 / I

1 " I

IIg

wl 8.57 w2 20.78 wx 8.57 w2 20.78
(rad/sec.) (tad/sec.)

Fig. 3 - Response at the first 2 slip modes of a 5 D.O.F. sliding system

Solid line - Subharmonics corresponding to w,

Dash line = Subharmonics corresponding to w,

(a) base shear response (b) overtuning moment reeponse

- Xn( nt) W x2(t)[ overcome the frictional force, then the
n n sliding oi 'irs and the envelope of tne

-p 1 peak responses holds at a constant
i/-y

2 + (2) 2  level, which is depeadent on the mass,the damping factor of the system and

....... (20) the magnitude of the frictional forces.
In order to study this problem further,

It is obvious that this peak a bare steel frame model was tested
response is independent of the exci- with the base fixed and then free to

tation of ground surface, and can be slide on a simple sliding table in

controlled by the frictional coeffi- response to steady state horizontal har-
cient v. Similary, this result is also monic base motion between 1 to 10 Hz.

valid for a many-degrees-of-.freedom The experimental arrangement is shown in

system with sliding base as shown in Fig. 5.

Fig. 2. In order to verify this point,the development of the resonant response The base shearing frequency response
of the base shear at the root section of curves of this model is shown in Fig. 6,of thembasemodear atthe s rid base to from which the following points are
a simple model with sliding bstonoted: (1) When the base is free toharmonic excitation is calculated using slide at the resonance frequency, the
the program ADINA [5], and-the results base shear is reduced considerfu ly as
are shown in Fig. 4. Obviously the bare to ts redu te base istransient process differ's from the compared to that when the base is fixed.
normansiesonant e process di s fm the (2) The fundamental frequencies of these
normal resonance process in that the two states differ only slightly. (3)
peak responses are not continuously The frequency response curves show that
growing linearly in time, but once the the base sliding introducos a signi-
peak response of the base shear has ficant damping during resonance. (4) It
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.0.0181 0 0181l
1.1 X I03

/i

Bending
strain/

/t

tine (800)

'i -- sliding base

\.~ i

Fig. 4 - Transient response of a simple model during resonance

shows no subharmonics resonant motion z bi represented by a discrete
frequencies, when exciting frequency is spectrum:
less than the fundamental frequency wn
of the fixed base model. Through the n
study of the periodic response of a z - E 2S (W )WCos(jet
sliding system, it has been shown that J15--i s) (30)
the sliding supports can be quite
effective in controlling the level of where Sg(w ) is the spectrum of ground
response of structures. However, iso- motion, ana *j is a random phtse angle
lation of the upper structure is uniformly distributed between 0 to 2w.
achieved at the expense of slip dis- To obtain an approximate solution,
placement between the upper structure equation (13) is replaced by the
and its foundation. The estimation of "equivalent" linear form using the
these displacements becomes an important stochastic linearized method [6,7]
aspect in the application of such
systems. Since the earthquake exci- m + Q(t) (31)
tation is random in character, the o a (31)
random analysis is also important.
Such work has been done to analyse a 2(x x.xf d
rigid mass supported on a sliding where0 2 x xs(x) d xs
frictional surface subject to random 0 U 2

excitation [8-12]. a

In this paper, the stochastic 2 Fo
linearized method is used to study the
stationary response spectrum of a
simple structure with the sliding
frictional base shown in Fig. 2 and the
motion equations expressed by Eas. 12
and 13. Let the acceleration of ground
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, Lateral guide

Steel
weight

AccelerometerStrain•

Sause 1•Actuator

DetailQpa

I~iweld
Case I Case 2

Interface welded Pads inserted
between the interface

Fig. 5 - Experimental arrangement for frame on sliding base

3. n 2S (w.)w

s (2-- ; (t)= E =cosyj sin(jet +

•j - 3 j
7- y -z (34)

s . . . .. . . . . . . . . ....... (36)

Integrating Eq. (30) and substi-
tuting it with Eqs. (15)- (18) into Eq. where yj - tan-1  (37)
(13), changing the index n to J, the "m. +)Wj
absolute and relative velocities can be
obtained respectively: By using Parseval equation, the

variance of is can be obtained:

n /2S.(w )w
a E n I sinyj cos(Jwt + n 2S (W()
""1 JW % 2 . E 2 COS2yj (38)

j- O - Yj) jai J W

....... (35) Since oz and a are dependent ou

each other, Sthey must be determined b•
iterations or by a graphical method.
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Fig. 6 - Frequency response curve of bending strain at
root section of frame

CONCLUDING REMARKS trolled so that the sliding inter-
face is locked rigidly when the

1. The resonant response of a structure exciting frequency is lower than the
to harmonic excitation can be fundamental frequency of a system
reduced considerably by mounting the but the interface slides at the
structure on a sliding base. resonant frequency, thon all the

subbarmonics below the fundamental
2. During sliding, there are m x n frequency will disappear. With such

subharmonics which can ba induced control the resonant response will
by the superharmonic components of be reduced considerably and the
the nonlinear frictional force, fundamental frequency of a system
where m is the number of degrees- will not changed. Therefore, it is
of-freedom of the structure, n is applicable for the Isolation of
the number of superharmonios of the those structures having low funda-
frictional force. Hence, the mental frequency to low frequency
response of a sliding base system excitation.
can be higher than those of a fixed
base system for the frequencies
less than the fixed base natural 4. Though earthquae loading is non-
frequency wn. periodic, the periodic response of

a structure to harmonic excitation
3. If the frictional force Is con- can explicitly show the fundamental
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dynamic behaviour of a system. y - movement of base

5. Stochastic equivalent linearized yn W nth harmonic component of
approach has been used to study the base movement
steady random response of the
structure-sliding base system. z - movement of ground surface
Since the earthquake excitation is
a non-stationary random process, Sgn(z-y)= Cz-y)/Iz-yl
further research on non-stationary
random analysis is needed. y = ml/(m 1 +m 2 )

W- friction coefficient
ACKNOWLEDGEMENT

= mode damping coefficient
The work described in this Paper

was undertaken in the Department of - rth mode damping coefficient
Civil & Structural Engineering,
University of Hong Kong. The financial " - root mean square value of
support of the Croucher Foundation to sliding displacement
Mr. Tian is gratefully acknowledged.

- hysterestic phase

APPENDIX W random phase angle

NOTATIONS W - exciting frequency

0 - equivalent linearized Yj - hysterestic phase angle

damping coefficient between sliding base and
ground surface

F 0 magnitude of Coulumb force nxw
o n - nx

fis = probability density function j xWof A a

H = nth transfer function matrix
n of the clamped supper- MATRIX NOTATIONS

structure
C damping matrix of the frame

k a spring constant of a sliding
oscillator K stiffness matrix of the frame

mI = top mass of a sliding M mass matrix of the frame
oscillator S~eigenvector matrix

M2 = base mass of a sliding

oscillator

REFERENCE
m = base mass of a simple model
0 of a structure 1. B. Westermo and F. Udwadia,

"Periodic Response of a Sliding
SQ - base shearing force Oscillator System to Harmonic

= nth harmonic of base Excitation", Earthquake Engineering
n snheharmng for and Structural Dynamic, Vol. II,

shearing force pp. 135-146, 1983.

Qn - nth harmonic of base 2. N. Mostaghal, M. Hejazi andshearing force induced by a J. Tanbakuchi, "Response of Sliding
unit base movement Structures to Harmonic Support

x W elastic displacement of Motion", Ibid., Vol. II, pp. 355-

upper structure 366, 1983.

. nth harmonic component of 3. M. Qamaruddim, B. Chandra and
D strtur haroislcempoent oA.S. Arya, "Dynamic Testing of

xstructure displacement Brick Building Models", Proc. Inst.

yz -Z relative displacement Civ. Engrs., Pt. 2, Vol. 77, pp.
between base and foundation 353-365. Sept. 1984.

55



4. T.C. Liauw, Q.L. Tian and Y.K.
Cheung, "Dynamic Response of
Infilled Frame with Sliding Base
Device", Proc. I.C.E., Pt. 2, Vol.
81, pp. 55-69, 1986.

5. Kleus-Jurgen Bathe, "ADINA - A
Finite Element Program for Auto-
matic Dynamic Incremental Non-
linear Analysis", M.I.T., U.S.A.

6. T.K. Caughey, "Random Excitation
of a System with Bilinear
Hysteresis", J. Appl. Mech., pp.
649, Dec. 1960.

7. Y.K. Lin, "Probabilistic Theory
of Structural Dynamics", McGraw
Hill, New York, 1967.

8. T.K. Caughy and J.K. Dienes,
"Analysis of Nonlinear First-
order System with a White Noise
Input", J. Appl. Phys. 32(11),
pp. 2476-2479, 1961.

9. S.H. Crandall, S.S. Lee and J.H.
Willams, "Accumulated slip of a
Friction-controlled Mass Excited
by Earthquake Motions", J. .ppl.
Mech., ASME 41: pp. 1094-1098,
1974.

10. S.H. Crandall aad O.S. Lee,
"Biaxal Slip of a Mass on a
Foundation Subject to Earthquake
Motion", Ing-Arch. 45, pp. 361-
370, 1976.

11. G. Ahmadi, "Stochastic Earthquake
Response of Structures on Sliding
Foundation", Int. J. Eng. Sci.
21(2), pp. 93-102, 1983.

12. Constantinou and Jadjbakrsh,
"Response of a Sliding Structure",
J. Struct. Mech., 12(3), 1984.

56
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The limiting performance of shock isolation of multi-degree-of-freedom
systems is studied by a combined modal analysis, modal control approach.
The isolating elements are replaced by a control forces, which are then
approximated by a time series based on the natural frequencies of the
system. Assuming that the equations of motion, the performance index. and
the constraints are all linear, the optimization problem is formulated as
one of linear prograiming. A two-degree-of-freedom example is solved to
t•imonstrate the feasibility of the proposed method and its advantages over
ither methods. The modal analysis - modal control approach is then applied
to the solution of the limitirg performance problem of shock isolation of a
cantilever beam.

%:scretization method has some drawbacks: (1) by
Knowing the limiting performance of a decreasing the size of the time step to improve

system (its absolute optimal response), is of accuracy, one increases the number of variables
considerable value to the designer. It may and thereby the time needed for numerical
provide either a basis for indirect synthesis of solution. (2) the optimal plecewise constant
the approprtate system or a reference for solution is frequently a barg-bang control,
evaluating an existing design. To calculate the which Is difficult to synthesize by conventional
limiting performance, those portions of the damping' elements. (3) In many cases, the
system being designed are replaced by control optimal control starts at high force values,
forces which do not refer to any particular requiring a "prediction" mechanism, which is
design. These controls are then determined so unavailable in passive elements. In order to
that a relevant performance index is optimized, overcome these shortcomings, the limiting
while satisfying a given set of constraints performance problem was reformulated [4] using
imposed on response variables. Carrying out smooth control forces, represented by a Fourier
this procedure for several constraint levels series. The fundamental period of the Fourier
results In a limiting performance trade-off expansion is determined arbitrarily, e.g., by
curve of the optimal performance index (e.g., the time interval of interest. The method was
minimal acceleration) vs. prescribed constraints applied with satisfactory results to two- and
(e.g., rattlespace). three-degree of freedom systems.

The formulation of a limiting performance While any control function can be described
calculation by linear programming is given in accurately by a Fourier series using a
detail in a monograph by Sevir and Pilkey [,J, sufficient number of terms, this my not always
which deali mainly with shock isolation. The be the most efficient way. When the system
response of mechanical systems subjected to under consideration has some natural frequencies
steady-state loading is considered in [2]. A of its own (unlike the examples of Ref. 4),
modal approach to the investigation of optimal these frequencies can be used in the time-series
shock damping of systems was recently suggested expansion, instead of developing the series in
by [3]. an arbitrary basic frequency. The present paper

deals with limiting performance evaluation for
When the problem studied here is of a shock isolation of multi-d.o.f. systems. A

transient nature; control forces are usually modal approach is used both for the structural
time-discretized as piecowise-constant dynamics analysis and for the controls,
functions. While easing the task of developing resulting in a simplified dynamic analysis and
a linear programming formulation, this an efficient linear programing computation.
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REMLATION OF TM OFTrlNZATION JUEN In what follows. an undamped system (C-zero)
will be discussed.

To find the limiting performance of a
dynamic system, those portions of the system to To obtain the natural characteristics of

be designed, e.g.. dampers, are replaced by the given system, solve the homogeneous equation
control forces. The equation of motion of a
linear N-degree-of-freedom system, subjected to I j + K zero (4)
a Imown excitation 1(t) and control forces !j(t)
is and find the natural frequencies w and

N + C K+ K 2 + Vu = F1 (1) modeshapes #e. e=l .... NF, NF J N

where X is the displacement vector of the The equation of motion may be uncoupled by
system. N, C, K are the NxK mass, damping. ad substituting
stiffness matrices. respectively, V is an NxJ
matrix whose elements are are 0. 1 or -1, which IS q (5)
assigns each of the J control forces to its
appropriate d.o.f.. and F is an NxNL into (1)
coefficient matrix, relating the NL external
excitation forces to the system.

MN# , + K * + Vu = F 1 (6)
The initial conditions associated with the

dynamic equation, x(zero) and j(zero). are and premultiplying by T
known. In practice, one usually assumes static

initial conditions, i.e., x(o) = i(o) = 0. !T TJ q + !TK + V tT F1 (7)

The optimization problem is to find u(t)
which will minimize a given performance index. Designating the modal mass and stiffness

while complying with a certain set of matrices (both diagonal) by
constraints imposed upon the response. The
control u(t) may. in general, assume any value, tT X# (8a)
but in some cases may be bounded or included in
the performance index.

The performance index is the maximum value !JT K'i = K# (8b)

(in space and time) of a given linear combina-
tion of the response parameters and the external the governing equation becomes
forces

max max (PlK + P2K + P + P 4 !i + P5 f) (2) #,g+K g+ TvIa=jT FL (9)
i t with the given initial conditions q (o). i (o).

where the Pk are prescribed coefficient The matrix equation (9) constitutes a set

matrices, of uncoupled linear differential equations. The
external forces L.u will generally excite (or

The constraints can be specified by a control) all of the modes.
similar linear combination

To simpl.fy the solution, the coordinate
vector g can be resolved into two parts.

lyl + Y2 + ÷ 3 X + Y4u_ + YS Yci (3) F u

where Yk are the prescribed coefficient matricesF
and Y ci is the bound on absolute value of the where gS satisfies the equation of motion

i-tb constraint, governed by the external excitation and the

The optimization problem may then be stated

as finding u(t) which will minimize *, subject K aF + KO 2F = F L (t) (11)
to equation (1) and constraints (3).

NE DOF s~LxrrIQ• F~o
2 F(o) = 2(o)

Nodal Solution of Undamped Systems

While damping exists in most isolation q (o) =- (o)

devices, the structural damping of the excited F u
system itself is usually much lower, and can be 2 can be calculated Independently of g by
neglected when treating short-time transients.
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integrating (11) to obtain gF(t) at any needed system starts also at zero acceleration

time.
i( - 0 (14b)

The other part of g. i.e.. e. will have to
satisfy the controlled form of the equation of For a controller which is located between any

motion, subject to static initial conditions, two points of the system and made of passive
elements (springs and viscous dampers), the

u u force will be a function of the differential
MN gu + KOu + #tv u = 0 (12) displacement and velocity between those points.

u( !u(0) = 0 Thus.! U(o) = Ua )

From this set, one can find the controlled f(6x. 6x) (15a)

part of the motion gU(_ut). The explicit form which will be zero for zero differential

of the expression depends on the method chosen displacement and velocity. The time derivative

for discretizing the control u(t). of this control force is

Discretization of the Controlsu= x 5x (15b)

As already noted above, both piecewise- a(ax) 8(6x)
constant and Fourier series methods have their
drabacks when dealing with the transient motion
of multi-d.o.f. systems. In the present work, a
solution will be derived by expending the
control forces in trigonometric time-series. Introducing (14a,b) into (15a.b), one

obtains the initial conditions for the controlsimilar to Fourier series, but instead of using orce
an arbitrary time interval as the fundamental force

period of the series, use will be made of the u(O) u( =-"(6

natural frequencies of the system. = 0 (16)

Assume each of the control forces may be Although these conditions interfere somewhat

expressed as with the pure notion of limiting performance as
an absolute optimum, they enhance the practi-

u = u° + E (A1 cos W et + B sin w e t) (13) cality of the results.

I Substituting t=0 in (13) and its
derivative, and making use of (16). the final

where G11 are the natural frequencies of the expansion of the control force is obtained as
system, determined previously by solving (4).
When dealing with a continuous system, or a u = I Ae (I- cos w#t) + I B. sin wot (17)
discrete system with a large niumber of d.o.f.. a 1
truicated series should be used, the number of
the terms retained being in accordance with the and I = 0
needed accuracy. e

In this connection, a difference between Thus. besides producing a more realistic
plecewise constant and time series discreti- limiting performance solution, use of the
zation should be noted. In the first method, conditions (16) may decrease the number of
improving the accuracy is done by decreasing the unknowns by two.
time step. In the second method, better
accuracy meay be achieved by either using smaller Now that the control force is expressed in
time intervals or taking more terms in the a deries form. Eq. (12) can be solved for 2iu
series. However, these two possibilities are Rewrite (12) as
not totally independent. As will be shown in
the appendix, there is a limit to the number of u I -1 K gu _-1
terms which may be used for a given number of q + K = _t V u (18)
time intervals, whereas there is no upper limit

to the number of time intervals. -M1ltV = C and employing the fact
D~esign•-ating ~*V=Cadepoigtefc

Ore of the advantages of using smooth that (18) is a set of uncoupled equations, one
control forces is the ability to simulate better can write the equation governing the i-th mode
real-world damping elements. Assuming a
stationary system before the application of the u U
shock. qu t oI Cuj

(0) = X(0) =0 (14a) Substituting the series expansion (17) for uj in

Any shock can be treated as starting from zero, the above equation
and having a finite rise time, so the excited
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"u U J KF computational procedure of the limiting
q I + I q, I C ="Cj [Aja(l - Cos wet) performance can be outlined.

1. Solve the free system (4). obtain the
+ Bit sin .1t (20) natural frequencies and modeshapes.

The summation on the right hand side is done 2. Calculate the elements Cij
over NF relevant modes (NF S N) and over all J
controls. 3. Express the coefficients of gu in terms of

The solution of (20) is AjS. BjH according to the set (22).
Te + slUtio t + (20 sin wet) a

q qo (Di cos Ein 4. Find !a' and u at the appropriate time

+ q t cos wtintervals (t 1 . t2 . .. tf) from (11) and

qic o i qs s (21) respectively.

The constants in this expression can be found by 5. Express the displacement vector X and its
differentiating it twice, putting it into (20). derivatives at (t 1 . t 2 . .  t) in terms of
and equating the coefficients of functions of using (5)
identical frequencies. This results in AJ•, B u 5

1 6. Solve the linear programming problam of
qito 2 - C A(22a) minimizing the performance index (2),

J ij subject to the constraints (3).

IAP - M1 DOF SYM

D~~ CijA (2bDi - 2 )82 C I (22b) To demonstrate the feasibility and
advantages of using the natural frequencies in
studying the limiting performance of a transient

E I a BIId (22c) System. the two d.o.f. system of Figure 1 was
i•- 2e J j je I investigated. It consists of two equal masses

Wi - e a, = m2 = m. connected by unequal springs to two

separate bases. One of the bases is stationary
1 whereas the other one is excited by a known

qc : - " CijBji (22d) shock. The element between the two mases is to
2Ai J be designed so that the acceleration of ma will

I be minimal, subject to a displacement constraint
q =s a -. I C ijAji (22e) on '2" The shock is assumed to be a half-sine

2'i J displacement. Replacing the unknown isolation
device by a general control force, the dynamic

The constants D i. E cancelled during the equations of the system are uncoupled:

calculation but can be evaluated directly from 2

(21) by imposing the initial conditions qu(0 ) = XI + C' IXl + u/m = a sin wt O<t < tf (24a)

= 0 t > tf

D,2 = - (qio + I Dit) (22f) 2 (24b
ejoi X2 + j 2 x2 - u/m = 0

- I (q + I (22) Approximate the control by a two-frequency
Ei : -i + 2 Eic i ) series, having three unknown constants

u = A1 (I- Cos Wit) + A,2 (-cs•
This completes the solution of the dynamic

equations, resulting in an expression for the "1
time variation of the displacements, in modal + B1 sin ( 1 t - B1 - sin w2 t (25)
form. in terms of the control coefficients W 2

S= gF + gu = (t. Aje. Bja) (23) The optimization problem can be stated as:

Find the constants A1. A2 . B1 such that
Qmqmutatiosml Procedure

After having developed thL . eeded relations max Ixl I -+min Jx2 -5 d
for the dynamic solution, the complete
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Sa - a sin wt O_1teW/w Sck Dluration: 0.06 11c
2 Allowable Displacemnt: 1.0 '0

4 X1 We u (Newton)

M 2 m2x2 (102) /

2
U O.4s .030 .04S .0go i0s

22

Fig. 2 Time variation of control u.

acceleration x. and displacement x by

Fig. 1 Two-4.grom-fr.. trmasient systam use of natural frequencies

The limiting pmrf mw of this systam was
studied using the prec r presented oaove. m 1
Figure 2 shos the time-rsaiation of u. and

X2 for the following set of paremters::

a w Ic* kgm w* 100 r/sec. w2 a 70 r/sec. -

d = 1 em. a - 10 a/sc 2 . 2

The shock duration in this case is tf = 0.06

sec. and therefore wd = w/tf = 52.36 r/sec. The 0 Or O}S to 0.15

time step for the calculation was chosen as 1/8 tf (s)
Of tf. and the total time 1.25 tf*

Fig. 3 Limiting performance by natural
The results as given in Figure 2 show that frequencies (solid line) and Fourier

limiting performance calculation using a natural series (dashed line) for varying shock
frequencies series is feasible, yielding a duration
smooth control force, which satisfies the
initial physical conditions. The maximal
acceleration of mass m is found here to be 3.71 durations, the expansion in natural frequencies

2 2proves to be much superior to the Fourier
a/sec (compared with 13.96 m/sec2 for an series.
uncontrolled mass).

SHDK DAMPIN OF BEAN
In order to assess the efficiency of the

Present approach versus the Fourier-series The modal analysis - modal control approach
approximation of the control, the same limiting which was described above is especially suitable
performance problem was solved using a for finding the limiting performance of
comparable two-frequency Fourier series. The continuous systems. Consider the undamped.

ain (max x,) found by both methods is presented uniform cantilever beam sketched in Figure 4.
Masses are -attached to the beam at its midpoint

in Figure 3 for a range of shock durations. As and free tip. and the connecting mechanical
can be seen, the natural frequency method gives elements have been replaced by generic control
better results than the Fourier series for most forces. The beam is excited by a given shock at
of the range, except for shock duration of 0.06 its built-in end. In the present example, this
to 0.09 seconds. For these values the shock shock is assumed to be a decaying oscillation.
frequency. and hence the basic Fourier frequency described by
are close to the natural frequencies. of the
dynamic system, and the two methods should
Produce siuilar solutions. For longer shock y = 0 (I - c°st) e-t/tD (26)
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As the dynamic system is linear. its response is yM
directly proportional to Yo' In the following , 2 n-

analysis, a unit shock (Yo0 l) is considered. X e

Treatment of the passive dynmaic version of -
chih system usually concentrates on finding rX
optimust values of absorber tuning and damping
for steady state excitation (e.g.. (56. (6)). "2
The transient case of the same configuration.
with a different loading, was treated in [3].

The objective function to be minimized Is
the maximal acceleration of the free end. while
the constraints are imposed on the rattlespaces
betwoen the beam and the two masses. Fig. 4 Cantilever beam with two damping masses

The dynamic problem will be treated by the force at the built-in end. Considering only the
finite element method, using conventional beam 2N active degrees of freedom. Eq. (27) can be
elements. However, since the system under rewritten as
consideration is a uniform cantiletee beam,
available relationships for its mode shapes and 0 0
natural fraquencies can be used. 0 0

The beam is divided into N elements, each
with four degrees of freedom. There are two N + K 2 = C t y - -12 y (2)
degrees of freedom at the built-in end for which 13AL -6AL
the angular displacement is identically zero and
the transverse displacement is the given Proceed as outlined above; substitute N : • g
external shock. The dynamic system is therefore
of order 2N. Let X be the generalized and multiply by
displacement vector having 2M elements, and let
y be the known fixed end translation. Following 0
the procedure presented above, one considers 0

first the uncontrolled system. The dynamic
equation of motion in this case will be F F T (29)

0 Y 2
0

where

C oXC m + y = -54 C ay + 12 CkY

54 Y2 = -13AL C y + 6AL Cy

13... . For the i-th mode of the uncoupled set (29).

,O 0 ... 54 13ALI 156 y division by MNI results in the governing

1 o0 equation

1: "F 2 F =2N-I i Y ,2N i
q1 + (27) q + #+ Y2 (30)

Ck K'Ck I1 - o, (7

1-12 The mode shapes and natural frequencies
--6AL will be taken from the exact beam solution

-. (e.g., [7])
00... -12-6ALI 12 ,y J fW() = I Ai [(sin PiL - sinh PtL)

where N and K are the 2N X 2N mass and stiffness i
matrices of the cantilever beam. AL is the (sin P - sinhP1i) +
length of a single element and

E1 (cos iIL + cosh piL)(cospif - coshl i)) (31)

420 L3 2 E1 (32)

The last equation of this set determines the mL4
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where P1L=1.8751. P2L=4.6941, etc, results in the response of the beam being
expressed in terms of the unkmown control

Replace the longitudinal coordirate f by the coefficients Al. BEj of Eq. (17). The complete

distance of the nth node from the fixed end response is obtained by superposition of the
forced and controlled motions, and

= (N-n+1)AL (33) transformation of the solution from modal
variables to the real displacement vector x.

so that normal mno;s for use in (30) are Inserting this into the expressions for the
obtained. For displacements objective function (2) and the constraint set

(3), and employing a linear programming code,

*2n-1,i = (siDPIL - sinhPiL)[sin(N-n+l)PiAL - the optimal values of A j and Bji may be found.

osnh(N-r+li)P(ALn + (cosP) L + The r.roblem was solved for the beam of [3].

cosh(-nl)[cos~l•] I4 AL-having EI=62.589108 lb.in2, L=150 inch, and
cosh(N-n+l)&L] (34 p=2.6 lb.sec2 /In 2 . divided into N=10 elements.

and ior slopes The appended masses were each 10 of the total
beam mass, and the shock parameters were

*k.i = -P,((sinPL - slnlpiL) ts = 2v/ws = 0.1 sec. = 0.05 sec.

Obj ective Function
Icos(N-n+l)P1 AL - cosh(N-n+l)/ia) (in/sec2 )

- (cospiL + coshpiL)[sin(N-n+l)P iAL

+ sinh(N-n+l)P iAL ) (35)
1500

The solution of (30) is

qIF = AIsirwit + BiCOW it + fi(t) (36)

where f(t) is the particular solution which
depends on the eternal excitation. For the
decaying shock (26) it can be shown that

fi(t) = (F0 + F, cOSw + 2sinTt) e-t/ t D (37) 1000

The values of F.. F1 and F2 are given in

Appendix 2. The coefficients A and Bi can be 0 .2 .4 .6 .8 1.0

determined using the initial conditions of the Contraints (in)
system. Assuming that the bea. is started from
rest, Fig. 5 Trade-off curve for beam isolation

A=FOtD + F1/tD - sF2 (The trade-off curve for equal constraints
Ai F (3) on the two rattlespaces is given in Figure 5.

'½ The calculations were made for 25 time intervals
of 0.004 sec. each, taking into account three

B1 = - F0 - F, (38b) modes. These results should be compared with
the maximal free end acceleration of the

For the next step of the solution, consider uncontrolled reronse. which is 2200 in/sec2

the response of the beam to the control forces. This means that using three modes, up to 60% of
The (2N*2) coefficient matrix V of Equation (1) the acceleration might be damped out, and the
has only two non-zero elements, namely V(1.1)=l residual is at higher frequencies. As the
and V(N+l,2)uI. Using the notation of Equation constraints are tightened, the possible d&nping
(19), the values of the constants in the is reduced. To estimate the convergence of the
uncoupled equation will be procedure, the calculations were repeated foý

both rattlespace constraints equal to 1, with,
Ci1 = - /Ml (39a) uifferent numbers of modes. The results art

given in the table below and display quite e
C - (39b) satisfactory convergence for the limited number

= *N+liI(,i of modes considered. Further increase in the
number of modes employed does not change the

Introduction of Eqs. (39ab) into Eqs. (22) results significantly.
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Application of Digital Signal Processing.

N2 of Modes ObJective Function Prentice-Hall. Inc., 1975.

1 1980

2 1096

3 901 NOTATION

a - constant
CONaLMIcNS AIj - coefficients

In this study, the limiting performance Bij - coefficients

problem for the shock isolation of linear C - damping matrix
mltidegree-of-freedom systems was treated. Ck - beam element stiffness coefficient
using modal analysis for the structural dynamics C - beam element mass coefficient
and for smooth control forces. A general m
formulation was presented in which the control Ctj - coefficients
forces were approximated by a time series based d - displacement constraint
on the natural frequencies of the system. This D - coefficients
modal control approach can be applied to any ij
multi-d.o.f. discrete system and to continuous E - beam Young's modulus
systems. The limiting performance of a Eij - coefficients
two-d.o.f. system was investigated by the f - force
proposed method and by expanding the control in F - coefficient matrix
a conventional truncated Fourier series. The F - constants
results confirm the feasibility of using natural I
frequencies in analyzing transient processes. I - beam moment of inertia
For most of the range of shock durations J - number of controls
investigated, the modal control method was found K - stiffness matrix
to be superior to a Fourier series of the same K - modal stiffness matrix
number of terms. To demonstrate the application L - length of beam
of the method to continuous systems, the AL - length of beam element
limiting performance for the shock isolation of m - sass
a cantilever beam was explored. Satisfactory M - mass matrix
results were obtained by using three modes. M - modal mass matrix

REFERENCES N - degree of system; number of beam
elements

1. Sevin, E. and Pilkey, W.D.. Optimum Shock and NC - number of constraints
Vibration Isolation, SVIC, Washington, D.C., NF - number of modes
1971. NL - number of external excitations

NT - number of time discretizations
2. Wang. B. P. and Pilkey. W.D.. "Limiting P1. P2. P3 - coefficient matrices
Performance Characteristics of Steady State q - modal coordinates
Systems," ASME J. of Applied Mechanics, Vol. 41, t - time
Sep. 1975. pp. 721-726. tD - time constant

3. Pilkey, W.D. and Kitis. L., "Limiting tS - shock period

Performance of Shock Isolation Systems by a u - control force vector
Nodal Approach," Earthquake Engineering and V - coefficient matrix
Structural Dynamics, 1955. x - displacement vector

y - external shock (displacement)
4. Men. Y.H., Kalinowski. A.J. and Pilkey. Yc - constraint vector
W.D.. "Indirect Synthesis of Y1, Yc , Y3 - coefficient matrices
Multidegree-of-Freedom Transient Systems," J. of Yi Y beam eYgenvalues
Optimization Theory and Application. Vol. 20, - b
Nov. 1976. pp. 331-346. e - mass density per unit length

S - mode slope

5. Snowdon, J.C.. Vibration and Shock In Damped - performance index
Mechanical Systems, Wiley. N.Y., 1968. w - frequencyS- longitudinal beam coordinate

6. Satter. N.A., "Vibration of Beams Carrying
Discrete Dampers and Masses," ASKE J. of superscripts:
Mechanical Design. Vol. 101, Apr. 1979, pp.
317-321. F - external force

U - control force
7. Metrovitch, L., Analytical Methods in t - transpose
Vibrations. Macmillan. N.Y., 1967.

S. Rabiner, L.R. and Cold, B., Theory and
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APPENDIX 1 one should be aware of a possible need to change
the time stop size accordingly.

ESTIATINUR OF THE NAXIMI AULMAELE
IKEER OF MT IN THE SERES EPARISN The above mentioned phenomenon is analogous

to the aliasing in spectral analysis of
In the formulatioi, of the linear program- discretely sampled information [8]. In that

sing problem, the objective function and the case the well known sampl-g theorem states that
given contraints are expressed as inequalities the continuous information has to be sampled at
which have to be satisfied at every time a rate which is at least two times higher than
instance. The number of inequalities is its maximal frequency.
therefore proportional to the number of time
intervals NT. When the control force is
expanded in any time series, the number of
unknown coefficients will be equal to the number
of terms one chooses to take into consideration.
In the case of a sine-cosine series, truncating
the series after NF frequencies results in
having 2xNF unknowns (assuming that the free APPWID 2
term is determined by demanding zero initial
force). The optimization problem is to minimize EVALUATIC O OMWANTS FOR A M&YI
the performance index 4. subject to a given NC EAF N
constraint. In LP formulation this is expressed
as I+NC inequalitier which have to be met at all If the shock of Eq. (26) is placed into the
NT time instances, resulting In (I+NC)XIRT governing equation (o3). it appears as
inequalities.

"F 2 FConsider now two extreme cases. When the qi + i qt : (a. + a, c°,st + a 2 sinmst) e-tD
constraints are very narrow. approachirng zero in (A2.1)
the limit, the inequa!ities turn into equations.

One may search an optimal solution for which where
40. In this case there are (l+NC) NT equations
in 2NF unknowns. and if 0 -- (1202n-_.i + 602 iAL) k

2 NF > (l+NC) NT (Al.l) N #,

they can practically be solved to obtain an - (5 4#2n-1.1 + 13#2. iAL) , tD2 (A2.2)
optimal solution, for which the performance N#
index reaches an absolute minimum value, i.e..
+=. at all NT time instances. This solution
has no physical significance, since the 1+ - (s-Ck 2 / 2
performance index will differ from zero all the al -li 602n. AL) /tD )
time, except for a finite number of time #1i
instances. Equation (Al.1) sets an upper bound
to the number of ?.erms which my be taken in the Cm
truncated series in order to avoid the trivial + 13 (A2.3)solution (42n-l~i *2 n.iAL)N

N< +NC NT (Al.2) C

2 a2 = 2 ,(54 #2n-l.i + 132n.iAL) Mm/tD (A2.4)

When the constraints are wider, the same
solution of 4-0 can be obtained with fewer Substitution of the particular solution (37)
terms. The other extreme case will be when the into Eq. (A2.1) yields
constraints are wide enough, so that they may be a
disregarded. ln this case NC=O, and the = (A2.5)
condition for nonexistence of the trivial F0  2 (A_.5)
solution *=O is 11 + IN

NF < 1/2 NT (Al.3) (l D2 2 +s2 + 2) aI - 2(sa/tD

The acceptable ratio of the number of F I = (A2.6)
frequencies and time steps should be determined (1/tD2 2 + (I2 + 4 , 2/t 2
for each specific probler by parametric -D s Is 0
convergence tests.

If one wishes to improve the accuracy of (I/tD 2 
- •s2 + i 2) a2 - 2al/tD

the solution to the LP problem by using a F2 = 2 '2) + 4,J 2/ 2 (A2.7)
smaller time step. this can always be done. 2 + 2 2 2
However, if there are more terms in the series, sD - s tD
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ANALYTICAL STUDY OF THE EFFECT OF EARLY WAIMNG
ON OPTIMAL SHOCK ISOLATION

Y. Narkis
State of Israel Ministry of Defense

Armament Development Authority
Haifa. Israel

and

W. D. Pilkey
Department of Mechanical and Aerospace Engineering

University of Virginia
Charlottesville, Virginia 22901

The optimal shock isolation of a single-degreA-of-freedom system with
early warning is accomplished by an active v -bang control. It is
shown that this problem can be solved analytically using a kinematic
approach. For a typical shock input, the optimal control is found to
consist of a main positive pulse. and possibly additional initial and
terminal negative pulses. The existence of a maximum usable early
warning time, beyond which there can be no further improvement in
isolation, is identified.

INTROUCTION The problem of finding the limiting perform-
ance in the presence of EW is treated briefly in

Shock isolation systems can be generally both references. They calculated it by numeri-
classified as either passive or active. A cal optimization codes, and found that using an
passive system responds to the shock input W has significant advantages in shock isola-
without any external control, and is composed of tion. In this work it will be shown that an
passive elements, which are usually spring and analytical solution exists for most cases of an
dashpot combinations. An active system has nom EW. Besides simplifying the calculation proce-
sensing and computation devices, which control dure, this solution will highlight same impor-
force-producing elements. The limiting tant characteristics of the optimal isolation
performance of a shock isolation system is the using an El.
optimal response of an active system, for a
given index of performance and a given set of ANALYSIS
state constraints.

The present work considers the optimum
The problem of )ptimal shock Isolation shock Isolation of a single JIDF system, shown in

synthesis Is defined and reviewed by Sev'., und Figure 1. For a limiting performance study the
Pilkey [1]. Several methods for calculation of elements connecting the mess m to its base are
the limiting performance are given in the same replaced by a generic control force u. As the
reference. A particularly interesting study was acceleration in this case is directly
performed by Klein [2]. who proved that the
optimal response of a single mass, three-degree- proportional to the force, u•s, the control
of-freedom (DOF) system would be translation .711-11 be exprtssed throughout this work in terms
only, a fact which enhances the importance of of acceleration, and the analysi, is independent
analyzing single DOF systems. of the mass m.

When the system to be isolated is expensive The base is subjected to a given shock
or important enough .an effort might be made to y(t). When dealing with large ground motion,
alleviate its response by making use of an early the shock is frequently assumed to be
warning system (EW). If the typical shocks 2 t/to
exciting the system are large ground motions, y = 0.5 at t e (la)
for instance, this EW may be implemented by o
installing several aceelerometers at known
distances and directions from the system. where a is the maximum acce'eration and to is a
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2 -t I/t
v=at 1 = y(tl) 0.5 %(2t, - t 1 to)e-

(4)
The rattlespace is then
"D =" 2e-t!/to2

.10 •D = x-Ylt = 0.5 % e - 0.5 at 12

(5a)
or, in a non-dimensional form

0 1"-' y (t
.-- 0 y~t) D e 2  [tl]3 -t lt

-- =•I-I e lt°(5b)

Fig. 1 Schematic of single DOF system Ym a to

decay time constant. The maximal base displace-
ment for this shock will be Solve for ti/to from (4) in terms of am/ao and

substitute it in (5b). This portrays a limiting

2m =2ao to 2 e 2  (b) performance trade-off curve, which is shown Inym = Figure 2.

The velocity and acceleration associated with D/y
this shock are obtained by differentiation max

2 -t1.0
y 0.5 ao(2t - t2/t 0)e-t/t (Ic)

; ,a[1 - (2t/to) + O.5t2/t0
2]et/to (Id) .8

The problem at hand is to find the control

force u(t) which will minimize the rattlespace .6

max Ix-yI (2)

while satisfyirg a gi,-Pn acceleration .4
constraint, determined by the ability of the
system to sustain loads

x Iýam (a < a) (3) .2

Generally [1]. this problem is solved by using a
numerical optimization technique, e.g., linear 0
programming. The optimal control for the .2 .4 .6 .8 1.0

present case is known to be of a bang-bang type, a./a0
and the problem is to find the timing (and
number) of switchings. It will be shown that Fig. 2 Limiting perfornance trade-off curves
this can be done analytically using a kinematic
approach.

Consider now the case where early warning
Consider first the case of no early warn- is present (Figure 3). Fo. a short EW. the

ing. The control can start (ideally) simultan- optimal control strategy will still be to
eously with the shock, and its magnitude is accelerate the mass immediately at the maximum
bounded by the maximal allowable acceleration, allowable value, until its velocity matches that
As has been recognized [1], the minimal rattle- of the base. As before, from this moment on the
space is achieved by starting the control at optimal control is not unique. The velocities
t=O, maintaining its maximal value until t=t 1 . of the mass and the base will assume the samevalue twice in the acceleration process: the
when the velocity of the mass reaches that of first time in the ap beerationp

the base. As the relative velocity is zero, the and the during whe its accelerationi

relative displacement will be maximal at that ale the na time is short, thsmaller than a . When the EW time to short, the
moment and decrease afterward. The optimal m
control for t > tI is not unique since the first occurrence will correspond to a small

maximal rattlespace has already occurred, and relative displacement, and the maximum will be
the control should just prevent the system from attained at the second passage (see Figure 3.
theeding thato sh ldue. curve I). When the EW time is increased, theS•ceeding that value. relative displacement will increase for the

first passage, and decrease for the second one.
The time of equal velocities is calculated At some critical value of the EW time. tc. the

from the kinematic relationship
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,j tj/t° from (6b) and then D2/y. from (7b). This

will be the solution to the mtn-max problem as
long as t K tc. For a certain value of tEW/to

one finds jD,/yI=1D2/ymI. and that time ratIo

corresponds to the critical value tc/to. The

rattlespace for that EW tine will be designates4
" ! /The solution of these algebraic equations iL

-t to-tc " hown In Figure 4 as curves of D/y. versus

.XBy tEW/to, for several values of a m/a (marked 1).

D/ymax M - Main (posittue) Pulse
.6 I - Initial (negattve) Pulse

T - Teripinal (negattve) Pulse

t r C wlttlespace .5

.4

.3 M

.2 0.2 N4-T

Fig. 3 Shock and response state variables 0.3 M M+T+I
.1 M _+1

two rattlespaces will be equal (curve 2 of +

Figure 3). .5 1.0 1.5

For tEW K t€. the min-max relative displace- tEW/to

ment will still be found by its value at the Fig. 4 Min-max rattlespace versus EW
second velocity passage, t2 . The kinematic time and allowable acceleration

relations are similar to those with tEZO, For tEw~tc the control wili no longer be a

constant maximum force. Suppose that the
vi = a%(tEW + ti) control is started slightly before the critical

early warning time. t<-tc. The relative
0.5 2 io displacements in this case will satisfy ID2 I<Dý.

o /to) but IDII>D . Yet. if some extra EW time is

a t 2 l 0. ti) 2  available, the system could be brought to more
D = 0.5 am(tEW + favorable initial conditions, at some t = -te

(see Figure 5), which would result in a net
(7a) reduction of. the rattlespace. Notice that

changing the initial location xc(-te) is

The subscript i=1.2 refers to the first or equivalent to translating vertically the whole

second velocity passage, respectively. These displacement curve. Reducing D1 may be achieved

equations can be written in a non-dimensional

form as by starting at a negative x(-te). This means

that the main control pulse should be preceded
1 tI by a negative pulse. This initial pulse should

am 2t -t (6) comply with the imposed acceleration constraint.
a e -t 0 6o) and its length should be such as to make 1D11 =

ao = ÷ (trtO)/(ti/to) 1D2 1. When the available EW time is increased.
.the rattlespace 1Dl1 = ID21 nay be reduced

r 2 [ t,2-ti/to amt1'j+ tE12] idspae-tx-e- h °tm wi eDi e2 ta 2 further, but this would require a larger initial-I L 2 tito[.] -- -il
.~ - + idisplacement x(-te). The optimum w i nitial

ya 4 to oJ reached, for an unlimited EW time, as all three
external rattlespaces, i.e., at -te, tI, and t 2 ,

are equal

For given a,/a% and tEw/to one can find IxI=xl+Xl.yl 1I=1xe+x2-y2 (1a)
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t 12

"I t
0

-iI from which t2 and te can be calculated. UsingSque control (8c) and the condition of equal velocities at
t,. one obtains

at ,. rti ,1
m to a te t+ t= 21 -0 .S-' (12)
%a tot -5t 2

0 0

from which tj is calculated, and finally

_, . /t, m ,e t112]

0 +~'t~ ' (13)
____________ L~toJ 010to 0]t/toY 7

This might be termed the absolutely minimal
rattlespace, since under the given acceleration

at- t t bound. am. t~here Is no way of getting a smaller

min-max relative displacement.
to to to

The control for tEW 4 - ti not unique.
Optimal two-impulse However. It Is of much practical importance tocontrol, am/a0 = 0.2 find the control which will result in the

absolutely minimal rattlespace. while minimizing
the required EW time. Again, using the maximum
allowable acceleration am. this controi will be

a bang-bang type, msee of two equal but opposite
Since xe is an extremum, it is obvious that the impulses, which will bring the system to x = xe
velocity associated with it is zero. = 0 at t = -te. If each acceleration Impulse

X(-te)="0 is of magnitude am and length At. the velocity

at the end of the second impulse will be zero.
Two relations my be deduced from (Sa): 2

and the displacement will be a mAt . Equating

e W-.( = 0 (8b) this to x1e one gets the relation

Xe .(0At 1 [ opt a(m) 1/2

= • / -- (14)
Using (8b) u the condition of equal velocities - = Y- 2 /14

-t2/t° The control force which corresponds to this
0.5 %t 2 e - 0.5 a(et +t) 2 = 0 (9a) criterion is therefore found to be a 2-pulse

2 I 2 . 0) force for the whole shock isolation process. as
sketched in Figure 5. The minimum rattlespace

t=a( + .Sa(2t2_ /to)e 22 /t 0  corresponding to this control is marked M+I
2  am (te + o' a (9b) (main plus initial) on Figure 4.

After some manipulations one obtains In most of the practical cases, where-%the
allowable acceleration is not too low, the

a r t2 mmn-max relative displacement is governed, asmt21 _ stated above, by the isolation process until

atJ (1) time t 2 . For t > t 2 . the optimal control is not

unique, and that part of the decaying shock has
no effect whatsoever on the solution. For small

70



a/ao. care should be taken of this "tall" of am( non-unique

the shock too. In order to prevent the builid-up m on-uroqu
of large negative relative displacements. one

will have to decelerate the system until the
velocities of the mass and its base match for -0 2 3 0

the third time. The optimal control here is
made of two pulses: a main positive pulse and a
terminal negative one. When the allowable
acceleration. is small enough and the EL time is
long. even using the maximum reversed control
for all of the time until the velocities become
equal apmin results in a displacement D3 which
is larger than D2 . Increasing tEW beyond the

value for which ID31=1D, makes the optimal
control reverse its direction before catching up
with the base velocity at t 2. as sketched in
Figure 6. The additional unknown, the reversal
time tr. is determined by equating ID21=-D 5•1.

Klein [2] solved a problem of the early I

warning type. where ao=2 in/sec2 . to=l sec. t• I t
: 0.75 sec. He imposl a rattlespace constraint 3 0

----.. k t/tIx-yi<0.l inch and using an LP numerical optimi- -1 t t 2 3 3 0
zation program found the minimum acceleration to r 2
be 0.183 in/sec2 . Using the same parameters in to o

the present kinematic approach, it is found that
tr = 0.966 sec and min-max lx - 0.1805 in/sec2 .

Besides being a somewhat better solution than Fig. 6 Optimal two-pulse (main + terminal)
Klein's. this Is the exact solution in the sense control. a%/ao = 0.1 tE/t° = 0.7
that it is obtained directly from a set of 4
algebraic equations.

As before, the situation changes for even constraint. The whole domain is divided intolarger EW times. At 4 certain value of one four subdomains, according to the type oftE ooptimum control: main pulse only (N). main +
finds that the two final rattlespaces ID2s=ID.I initial (1+I). main + terminal (N+T) or 3-pulse
become equal to the initial rattlespace Di. (N+I+T).
Increasing tLW beyond this value makes D,

greater, and an initial negative control force (WICI
should be applied, as before. In this case the The present work investigated the optimal
optimum control is made of 3 pulses: a positive isolation of a single-nOF system excited by a
main pulse plus initial and terminal negative iso la tion oc when earitedabyin
pulses. This situation is represented in F4.gure typical large motion shock, when early warning4 by that part of the curve (for a /a =Ol) mey be available for use in improving the

a I performance of the isolation system. The main
marked M+I+T. Again. tEW may be increased until conclusions of this investigation are:
the maximum usable EW time is encountered, forwhich lX(-te)I=IDI=ID I=ID31. 1) The optimal control is a bwrng-bang type.

"i 2  the timing and number of switchings can be

found analytically using a kinematic
The trade-off curve for unlimited tEW is approach.

shown in Figure 2. It is interesting to note 2) The optimal control consists of a main
that whereas trade-off curves usually assume the 2 optimal cnt consisso ad main
value D/ys = 1 ett a m/a ->O. in this case the positive pulse. and possibly additionalm m oinitiatl and terminal negative pulses.

ratio is D/y = 0.5. When the available El timei 3) For any given acceleration constraint there
is infinite, even an infinitesimally small is a corresponding absolutely minimal
acceleration aU may be used to drive the mass to rattlespace, which is obtained when the El

the middle point x = 0.5 y5 at t=O. thereby time is long enough.
assuring that the relative displacement will 4) There is a maximum usable EW time, at which
never exceed IDI•0.5 ym" the absolutely minimal rattlespace may be

attained by means of a 2 or 3-pulse
The maximum usable El time is shown in control. Longer El time cannot produce a

Figure 7 as a function of the acceleration smaller rattlespace. All the above
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am/a.

1.

.8

.6

.4 MMaximum usable

0 2 3

Fig. 7 Maximum usable EW time versus accelera-

tion constraint. Subdomain division
according to required control pulses

conclusions are qualitatively valid for
shocks of any shape, and the kinenatic

approach presented here can be applied to
their quantitative analysis.
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VIBRATION TEST CRITERIA

TECOM'S RESEARCH EFFORTS
IN THE

DYNAMIC ENVIRONMENTS

John A. Robinson
U.S. Army Combat Systems Test Activity (USACSTA)

Aberdeen Proving Ground, Maryland

The U.S. Army Test and Evaluation Command's Shock and
Vibration Technical Committee is actively involved in
research efforts in the dynamic environments associated
with the transport of materiel in a wide variety of
vehicles. The results of these efforts provide the
technical community with vital and timely information for
for use in test tailoring. The results of the completed
research are described as are the objectives of the current
and near-fature research efforts.

INTRODUCTION g"-nea, plub the results yet to be gained
ýhrough pending research, can provide the

The U.S. Army Test and Evaluation Command *;echnical conmanity with invaluable and
(TECON) formally organised its Shock and cost-effective technical information to aid
Vibration Technical Committee in 1972. The in prescribing the most realistic siaulation
objective of this committee has remained the environments.
same since its inception--to research the
dynamic environments of vibration and shock, This paper will encapsulate the results
particularly for ground vehicles and already obtained, describe the current
equipment handling operations hit also for efforts and will detail the faitare that is
missiles, and for Army fixed and rotary wing planned for TECO('s research efforts in the
aircraft and to provide the technical dynamic environments.
community with realistic laboratory test
procedures and techniques. RESULTS OBTAINED

During the first few years, the various Investigation Number I addressed the
TECON installations and activities submitted loading configuration for military ground
numerous research proposals addressing a wide vehicles. Its objective was to determine the
variety of shock and vibration aspects. procedures and techniques used by the

,Duplications often occurred; fanded efforts U.S. Army to load and secure/restrain
were sometimes too small in magnitude to amumnition and items of general equipment in
thoroughly address the subject; and others these vehicles. This investigation was
were too large in scope -- so large that the completed and reported in 1979 and found that
investigators grew weary before results were ammunition and general equipment are
achieved. At the March 1978 meeting of the transported in the same general manner--that
TECOM Shock and Vibration Technical being either palletised or containerized from
Committee, the entire shock and vibration the manufacturer to the forward supply point
methodology program (as it is referred to) and then either palletised or as separate
was revised to establish an integrated set of items from the forward supply point to the
investigations, using unit. The report documented that the

cargo load, as a percentage of rated
This original plan of action provided the capacity, tends to be at or near the capacity

mechanism to give the needed positive (either weight or sise) of the particular
direction to this shock and vibration vehicle. The investigation also revealed
methodology program which, in turn, permitted that there is a wide variation in cargo
the committee to proceed in an aggressive restraint. There are instances where cargo
fashion towards the end result of updating is secured bc h vertically and horisontally
laboratory shock and vibration test on the transport vehicle; and there are
schedules. With the emphasis today on test instances where no securing mechanism is used
tailoring, the results that have already been at all. It was determined that for the
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majority of the time, cargo is restrained in tuned at frequencies from 5 to 160 Ha and
the two horizontal planes but not in the separated in frequency by one-third of an
vertical plane, and the horizontal restraints octave. Each beam was instrumented with a
vary from rigid to loose. The investigation fatigue life gauge and a strain gauge. This
also indicated that steel banding was a assembly was mounted on a base plate. An
representative means of securing the test accelerometer was mounted on the assembly to
load to the vibration exciter. measure the input acceleration to the MRS 3.n

the axis of excitation of the beams. Some
The second investigation addressed the preliminary workc was done with the MHS in

distances that ammunition and items of measuring the field environment and the
general equipment may be transported in air, laboratory environment of the package tester
ground and rail vehicles, both commercial in order to verify the validity and
and military. The investigation was reliability of the MHS as a mechanism to
completed and reported in 1981. it measure this rather harmh and intermittent
determined that the maximum distance that environment which is a combination of shock
Army materiel will be moved by road and/or and vibration. The goal of using the MRS was
rail transport systems within the continental to correlate the cumula *tive fatigue data,
United States is 7241 km (4000 mi). Movement generated by the fatigue gauges, between the
of materiel to overseas areas is expected to field and laboratory environments.
cover a distance of 6463 to 16,000 km
(4000 to 10,000 ni) by either ocean-going Another completed investigation had as
vessels or aircraft. Since the vibration its objective the measurement of the actual
environment associated with these two modes field vibration environments for secured
of transportation is considerably ý.ess severe cargo transported in various military grourd
than that of ground vehicles, the distances vehicles and the translation of these data
associated with these transport environments into laboratory vibration simulation teet
need not be included in laboratory testing, schedules. The results obtained from the
Thr cargo transport distance for ground first three investigations of this overall
vehicles in overseas theaters was established plan were used in support of this effort.
to be 804 km (500 ni) from the overseas port Inasmuch as many items of cargo (e.g.,
of debarkation to the using unit. The method ammunition, general types of equipment) can
of cargo restraint for 563 km (350 mi) of be transported as secured cargo (secured in
that 804 km could vary as found in all three planes), this investigation
investigation No 1. This second addressed the secured cargo method of
investigation concluded that the final 241 km transport and the resulting vibration
(150 mi) would be from the Corps storage area environment. As steel banding had been found
to the using unit and that the cargo would be to be representative of the securing medium
loosely stowed. used in the field, it wes used to secure the

load vertically; and blocking was utilized as
The third investigation in this plan needed for the horizontal planes.

studied the effects that variations in load Consideration was also giveen to the results
weight. and configiuration had on the dynamic of the effective mass and 'loading
response (or input to the cargo) of the configuration investigations. The loading
vehicle bed. This involved studying the configuration results indicated that cargo
effective mass of a trailer and developing a vehicles tended to be loaded at or near their
technique for deriving derating factors--all capacity, and the effective mass study found
under laboratory conditions. This that decreasing the load increases the
investigation was completed and reported in vibration levels on the cargo bed. In order
December 1981 and concluded that it was to add some conservatism to this schedule
possible to obtain derating factors from development effort to account for variations
frequency response fu.nctions. The in loading, a cargo load of 75% of the
investigation had found that, generally, vehicle's weight capacity was used as the
increasing load reduned the response of the load for each vehicle. Because of the
vehicle bed which would mean a decrease in eatablishea loading techniques for ammunition
the vibration input to the cargo load, and general types of cargo, no effort was

made to develop any type of derating factor.
The fourth investigation of this plan

addressed the subject of loose cargo and Vibration data were measured at nine
certification of the current loose cargo symmetrical locations on the cargo beds (on
(bounce) test. This investigation, which was structural members under the actual car'go bed
conducted by the U.S. Arm~y White Sands floor) of 1-1/4-ton, 2-1/2-ton, and 5-ton
Missile Range, was completed and reported in cargo trucks, a 12-ton semi-trailer, the 1/4-
July 1983 . The significant achievement from and 1-1/2-ton two-wheeled trailers and the
this effort was the design, construction and 6-ton 14548 tracked cargo carrying vehicle.
verification of a measurement device The wheeled vehicles were operated over four
referred to as a model hardware specimen different fixed profile courses in the Com~bat
(N4HS). This ias a mechanical structure Systems Test Activity's Munson Test Area, and
having a series of 16 cantilevered beams, the tracked vehicle was operated on a flat
attached to an aluminum bean, which were paved road. The courses used for the wheeled
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vehicles are considered to be indicative of which was too short of a time to be
the terrain described in available cargo accommodated by the digital control software
scenario information as secondary road, that was available. Tne philosophy this used
trails and off-road and have been fcund to was that if fatigue is the damage mechanism,
produce the most severe vibration effects on which is the assumption used when applying
wheeled vehicles; likewise, the paved road exaggeration factors, then the real world
produces the most severe vibration test levels could be "de-exaggerated" (or
environment of tracked vehicles, apply an exaggerated factor of loes than

unity) to extend the test time. The
Similarity of the data between the cargo exaggeration factor thus used was 0.51. A

trucks and 12-ton semi-trailer permitted the few concerns have been expressed over the
data from all of these vehicles to be "de-exaggerated" philosophy, specifically
overlayed and combined into one laboratory that applying a xeactor of less than unity
schedule for each axis, identified as could place the test levels at or below the
composite wheeled vehicle; similarly the data endurance limit of the material and this no
from both two-wheeled trailers were combined fatigue damage would ever be incurred by the
into one laboratory schedule for each axis, item. The basis for applying a less-than-one
identified as composite two-wheeled trailer. exaggeration factor is that when acceleration
These composite schedules are broadband levels are measured in the field, one has no
random vibration. The M548 vehicle had a real idea where on the slope of the S-N curve
series of schedules developed for each axis for the material these levels fall.
due to the limitations that existed with Therefore, if one assu -e applying a factor
digital control systems at that time. Those of exaggeration above one will keep the test
schedules are referred to as swept narrowband levels somewhere on the slope of the curve,
random-on-broadband random since the various the converse can also be true. If one
phases reflect the background vibration suspects that the field levels are actually
arising from sources such as the engine and close to the endurance level and that
transmission plus the narrow band of random applying a less-than-one factor would put the
energy created at each vehicle speed by the levels at or below this endurance level,
interaction of the track with the drive there is probably no reason to rin the test
sprocket and the track with the road surface. even at the actual field levels since no
These narrowbands are very much speed significant fatigue damage would probably be
dependent, and each fundamental and its incurred anyway. The M548 test schedules run
harmonics appear simultaneously for the for 60 minutes per axis, which is divided
particular road speed; bat no other equally among the number of phases per axis.
fundamentals and harmonics are present. The
sweeping of the narrowbands of random The resulting test schedules from this
vibration energy is used to simulate the investigation represent a one-time transport
various road speeds at which the vehicle is by the particular vehicles through the
operated. identified scenario of Figure 1.

The test times for these various The shock environment for secured cargo
schedules and resultant amplitude levels were in various military ground vehicles was
determined from both the results of the addressed in another completed investigation.
mileage data documented in the second The objective of that study was to measure
investigation and from the Operational rode the actual field shock environment for
summary for an Ammunition Production secured cargo transported in various military

Validation Test. The rssulting scenario is ground vehicles and to translate those
shown in Figure 1 and represents cargo environments into laboratory shock simulation
transport in overseas theaters of operation. test schedules.

Based on the transport distance, average The vehicles used for this study were the
vehicle speed and percentage of the total same types that were used for the secured
distance depicted by the four Munson test cargo vibration study with the one exception
courses, the resulting real time test for the that the 1-1/4-ton vehicle was not surveyed.
composite wheeled vehicle was 20 hours per The locations of the accelerometers were the
axis, which was considered too long for a same as for the secured cargo vibration study
laboratory test. An exaggeration factor (not except only five locations were utilised due
be exceed 25% of the peak field data to the symmetry of locations and the
measured) was calculated to reduce the test similarity of vibration data between all
time to 2 hours; this factor became 1.85. locations. The wheeled vehicles were
The two-wheeled trailer real time calculated operated over the Munson Belgian Block, Tbo-
to be 96 minutes per axis, which was inch Washboard, Three-inch Spaced Bump and
considered to be a reasonable laboratory test the Radial Washboard courses with cargo loads
time; this no exaggeration factor was of 100% and 50% of the individual vehicle's
necessary. The M548 tracked cargo carrier load weight capacity. The loads were secured
presented the opposite problem. The total in all three planes. Additionally, all the
time the cargo would be subjected to the most wheeled vehicles were run over a 30.5-cm
severe vibration environment was 4.8 mirutes, (12-in.) wide semicircular pipe anchored to a
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gravel road and protruding 12.7 cm (5 in.) military vehicles and are required for those
above the ground. The M548 tracked cargo vehicles to meet their mission
carrier was operated on the Combat Systems responsibilities. Ammunition loaded in racks
Test Activity's Cross-Country No. 3 and in combat vehicles (such as main battle
Secondary A courses of the Perryman Test tanki) is considered to be installed
Area. equipment even though it is expended.

4 previous investigation completed by the This study was conducted through
Materiel Testing Directorate of Aberdeen literature oearches and rumerous contacts
Proving Ground (now the U.S. Army Combat with military testing centers in an effort to
Systems Test Activity) in February 1977 identify realistic mileages that installed
established the criterion for separating equipment is expected to withstand and still
shock data from vibration data. This remain functional. For wheeled vehicles this
criterion in that any acceleration level in was identified as 40,233 km (25,000 mi),
the field data which equals or exceeds a which is the approximate halfway point to the
value of six times the rms level of the major rebuild of most wheeled vehicles. The
overall data run is considered to be shock. major rebuild point for tanks was identified
That criterion was used in the secured cargo as the amount of transport that installed
shock investigation, and all data were equipment (excluditig ammunition) is to
analyzed to determine those conditions withstand; this distance was established to
(vehicle, load and course) which resulted in be 9656 km (6000 mi).
shock being present at any measurement
location. Ammunition is treated a little

differently. Its vibration simulation was
On the wheeled vehicles, some of the test based on the number of years that the same

courses produced no shock pulses while others ammunition was found to have been in main
did produce some. In some instances of battle tanks and the annual mileage
shock, the overall data run had very low rms statistics for the various types of combat
levels (less than 0.5 grins). To facilitate vehicles. A study conducted by the U.S. Army
the analysis, rms levels of 1 .0 g and above Materiel System Analysis Activity (AMSAA)
were considered as significant and the number identified the number of months that
of shocks exceeding six times these levels ammunition was uploaded in the ready racks of
were tabulated. A comparison of these tanks. A survey of the annual mileage of
various g rms levels were made to the literally hundreds of individual tanks and
overall g rms level of the various laboratory self-propelled howitzers was used to
random vibration test schedules developed statistically eitablish annual mileage
during the previously discussed figures. From all of this research, it was
investigation. As it is reasonable to established that ammunition and ammunition
arsume the distribution of random amplitudes components in combat tanks should be vibrated
in the field and laboratory environments are as installed equipment to the equivalent of
nearly the same, the rms levels which served 8047 km (5000 mi) of field transport in each
as the basis for determining the shock of the three axes. Similarly the
occurrences were encompassed within the rms separate-loaded 155-mm projectiles
levels of the laboratory schedule; this any transported in the M109 series of
shock levels would be contained in the random self-propelled howitzers should be vibrated
vibration test schedules. to the equivalent of 6840 km (4250 mi) of

field transport (again in each of the three
The data from the single bump produced axes). It was established that the

rms levels generally less than those from the separate-loaded 175-mm and 8-inch projectiles
various test coirses, hence no further transported on their respective
consideration was given to those data. No self-propelled howitzers need not be
shocks were found on the cargo deck of the subjected to the installed equipment
M548 tracked cargo carrier. The conclusions vibration environment since there are only
of that investigation were that there was no two rounds carried on a howitzer, these
justification for developing laboratory shock rounds undoubtedly would be the first ones
test schedules for secured cargo transport. fired, and this they would see little in the

way of transport mileage.
Another of the many investigations

identified in the overall TECOM Plan of The final investigation which has been
Action addressed the number of miles that completed and approved by TECOM was concerned
various Army materiel, including ammunition with determining and quantifying the
in ready racks within comiat vehicles, are vibration characteristics of military
transported as installed equipment. This vehicles during operations in a cold regions
investigation was completed and the report environment. This investigation was
written in December 1983. Installed completed and documented by the U.S. Army
equipment is defined as items such as Cold Regions Test Center in Fort Greeley,
communications equipment, optical devices and Alaska in December 1982. The concern which
reference systems which are actually led to this investigation was that the
individual items but are mounted on or in suspension characteristics--and thus the

76



vibration signature of military simulation in a reasonable amount of time in
vehicles--possibly would be significantly the laboratory.
different as a result of being stiffer due to
the extreme cold. The same vehicles were run A second investigation recently completed
at the Arctic Test Center under both summer was on the subject of loose cargo teat
and extremely cold winter conditions, and schedules. This was the follow-on
vibration data on the vehicles were recorded. investigation to the one conducted by the
The findings were that those vibration U.S. Army White Sands Missile Range (SMR) in
characteristics were no more severe in the developing the MHS. This paper will give a
cold regions' winter environment than those brief overview of this second investigation
in its summer (temperate) conditions. The as one of the following papers in this
reason for this was that after a relatively session entitled "A Proposed Technique for
short distance of travel in the winter, the Ground Vehicle Loose Cargo Vibration
suspension had "warmed up" and fu.nctioned Simulation" by Mr. Connon, will provide the
normally. details of this particular investigation.

INVESTIGATIONS RECENTLY COMPLETED Due to the recognized fragility of the
tuned beams of the MHS, a mathematical model

This portion of the paper discusses the of the MHS was developed and the
investigations which have been completed and accelerometer data were inputted to that
are undergoing TECOM staffing for review and model to compute cumulative fatigue. The
accommodation of comments prior to final acceleration input to the MHS was measured
approval by TECOM. during transport over various test courses in

a 5-ton truck, a 3/4-ton two-wheeled trailer
One of these investigations was the and the 6 -ton, N548 tracked cargo carrier.

development of vibration schedules for Data were also collected under a variety of
M109/M110 self-propelled artillery. For this test conditions on a laboratory package
investigation, the installed equipment tester.
vibration environment for the N109A3,
155-rn self-propelled howitzer was measured A series of computer programs were used
at various locations throughout the vehicle to reduce the vibration data into power
during paved road operations; and laboratory spectral densities (PSDs) which were then
vibration test schedules were developed. The computer-transformed into vibration
resulting schedules were for the ammunition schedules. The field and laboratory
bustle rack, the ammunition deck racks, schedules were then compared to develop a
am-nition locations on the vehicle sponson, test equivalence.
propelling charges, turret and hlll.
Similarly, the vibration signature of the The findings of this investigation were
MI1OA2, 8-inch self-propelled howitzer was that the loosely stowed cargo test conducted
measured; and laboratory simulation schedules on a package tester is an inexact,
were developed. The specific areas for this uncontrolled test which should be conducted
vehicle were the gun trunnion, the top deck, to determine external damage to the test item
the gun mount and the bull driver's and should not be used as a substitute for a
compartment. No schedules were developed for well-controlled laboratory secured-cargo
the ammunition due to the findings of zhe test; and operation on a package tester with
investigation on installed equipment mileages a plywood-covered bed at 300 rpm for
that were discussed in the preceding portion 45 minutes provides a reasonable simulation
of this paper. of the loose cargo transportation environment

(all three axes simultaneously) of ammunition
As these were both tracked vehicles, and boxes in a wheeled vehicle or two-wheeled

the vibration environment of all tracked trailer. The investigation also found that
vehicles is characterized by a series of high the package tester does not simulate tracked
energy, speed-dependent fPndamental vehicle cargo transport environments.
frequencies along with their individual
harmonice on a relatively low-level broadband Rail impact test procedures have been
random spectra, these environments are addressed in a third investigation recently
simulatod by the swept narrowband completed, and the draft report is curruntly
random-on-broadband random laboratory test being revised to address all the staffing
spectra. As with the previonsly discussed comments. A paper entitled "Updating Rail
tracked vehicle test schedules, each axis had Impact Test Methods" was presented by Mr.
to be divided into phases in order to conduct Robert McKinnon at the 1985 Shock and
the test using the available digital control Vibration Symposium in Monterey, CA. Since
software. that presentation, additional data have been

received from various sources on the actual
Based on the installed equipment mileages impact speeds. With speed data from a total

documented in the previously discussed of over 125,000 impacts, the number of
investigation, exaggeration factors had to be impacts exceeding 12.9 km/hr (8 mph) was
calcilated and applied to the real world found to be only two percent, whereas the
spectra in order to accommodate the vibration data previously available covered only a
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little over 16,000 impacts and indicated that equipment have been developed only for
1.9 percent were over 12.9 km/hr. The latest amimunition in the M60A3, M1 and MiAl Main
data farther substantiates the Battle Tanks (although not as a part of this
recommendations of the report that the TECOM Plan) and for ammunition and installed
maximum speed be 12.9 km/hr. equipment in the M109 and M110 families of

howitzers as discussed previously in this
The rail impact procedure developeý in paper.

that invectigation is considered realistic
for creating the environment of care rolling TWe current investigation deals with
into other care during train makeup in moasuring the vibration inputs to installed
classification yards and for simulating the equipment (with the exception of that
number of classification yards a particular ammunition and installed equipment already
car and item may go through durirct a completed as aescribed above) in all military
cross-country trip. The procedure util-ies ground vehicles currently in the Army
two stationary baffer cars, each with inventory and translating these data into
standard draft gear and each beiag rigidly laborato'y vibration test schedules. Some
upweighted to a total gross weight of vehicles have been completed and a few thers
55,700 kg (125,000 lb). A standard draft remain to be done.
gear car with the test itc. properly
positionnt and secured to it; is set in VIBRATION SCHEDULES FOR HELICOPTER
Potion act the buffer care at a speed EXTERNAL STORES
of 9.7 mm/hr (6 mph). This three-car
configuration is then impacted (at the test The current test schedules for the
item car) by a 174,800-kg (165,999-1b) laboratory simulation of the vibration
rigidly weighted, s.andard droift gear hammer environment for equipment instilled in Army
car. The two-impact procedure is then helicopters is a spectra of broadoand random
repeated at 11.3 km/hr -7 rph) and with saperimposed sinusoidal vibration peaks.
12.9 ks/hr. At the completion of the sixth These schedules are general in nature and
impact, the tast car is turned arcuni and the were developed several years ago and were
six-impact cequaisce is repeated. perhaps reutricted in realism at that zime j

the analysis equi'ment. Insufficient data
Data which sre required for this test are currently exist to adequately define this

the impact speed and coupler force in order environment in order to develop realistic
to identify the initial input conditions for laboratory 'ibration similation schedules.
both comparative purposes with other tests Two other tecnniques that could possibly
and to provide msaning.ul information to the better simLlqte the aLoual helicopter
designer of the item for failure analyses. vibration environment are the narrowband
Cable tensions mast also be measured random-on-random that is used for tracked
initially so that ideni.ictl conditions can be vehicles or a shaped random. The goal of
eatablished for comparison tests. (The this particular investigatior is to 4evelop
tie-downb ste not dijusted once the test laboratory vibration test schedules for
starts.) external stores, installed 6quipment and

cargo on helicopters. The overall
CUTRRENT EFFORTS responsibility for this Paudy lies with the

U.S. Army Yuma Proving Ground (USAYPG);
Presently, there are four investigations USAYPG has tasked WSMR, USAOST. and the U.S.

being conducted as 1:art of the TECOM Plan of Army Aviation Development and Testing
Action. These are addresaing the development Activity (USAAVNDTA) to provide assistance in
of vibration schedules for installed This rather ambitiour, :ffort.
equ' o'ent in military ground vehicles; the
dev . pment ,I vibration schedules for A limited number of flights have been
helluopter equipment and (;argo; the made with the AH-1S (Cobra) and
development of a shock anl vibration data UH-60A (Blackhawk) helicopters from which
base for vehicles and equipment; and defining data were obtained. Efforts are preeently
the maximum exaggeration factor t.; be used in cont!-uing in the reduction and analysis of
develop'ng laboratory simulated vibration the Cobra flight data and the development of
test schedules. An overview of wach of these laboratory test schedules. This effort on
investigations follows, the Blackhawic at USACSTA was recently

completed, the report written, staffed and
ERALISTIC VIBRATION &ChEDULES FOR INSTALLED approved by TECOM. As a limited number of

EQUI__•ENT IN MILITARY VEHICLES flights actually occurred, there were
insufficient data available to adequately

Invebtigationd since the early 190's define the cargo area and certain installed
have docuaected the real world environment to ewjuipment areas of this cargo helicopter.
be eitber rar 'oem (wheeled vehicles) or The only scbedules thus developed were for a
complex random (swept narrowband forward electronics pajkage. These
raedom-on-broadbsnd random) (tracked schedule., however, are designated as
vwkicles) vibration spectra. New labura',cry preliminary ones since the helicopter was

ration test schedule, for installed flown with the external fuel tanks in place
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(which are used for extended range flights they are not harmonical2y related to the
only), and any difference in vibration levels fundamental. Due to the preliminary nature
with the tanks removed is unknown at this of these schedules, these frequencies were
time. arbitrarily eliminated since their

authenticity could not be determined--the
In spite of the problems of insufficient data were received for processing so long

data, significant advancements were made in after the flights that there was no way to
the analysis of helicopter data and in trace through the instrumentation system to
eo•,ablishing an event-weighting technique validate the data source.
during the development of the test schedules.

An analysis of the distrihbtion of the The expected result of this helicopter
amplitide of the PSD function at the study is a program to instrument and fly
fundamental forcing frequency and at the these helicopters again and to ensure that
,iecond and third harmonics was made to sufficient and unquestionable data are
determine whether these frequencies were acquired. However, it is again felt that
simusoidal. The data showed significant significant advancements in analysis
scatter in the amplitude regardless of the techniques have been made on development of
flight condition. It was concluded that helicopter vibration test schedules.
although the frequency of the fundamental and
its harmonics does not vary the amplitude SHOCK AIID VIBRATION DATA BASE
value at those particular frequencies does
vary. Since the amplitude is not constant, Numerous laboratory vibration test
the data cannot be considered to be schedules have been developed through
sinusoidal. This conclusion led to the methodology investigations in recent years
recommendation that the helicopter vibration for both the cargo vehicles and combat
environment be simulated by a shaped random vehicles in the Army's inventory.
test. Additionally, many road shock and vibration,

rail impact, drop and firing shock tests have
Limited flight scenario information has been conducted on a wide variety of vehicles

been obtained by USAYPG from USAAVNDTA. This and equipment as part of the TECOM's
information was discussed and reviewed by the development and product-improvement testing
TECOM Shock and Vibration Technical missions. As a result of these many efforts,
Committee's Helicopter Working Group which a large amount of meaningful data have been
ultimately categorized the various events gathered, processed and reported to meet the
into groups and identified the corresponding -specific requirements of the various
percentages of flight time for the groups. investigations and tests. With such a great
This is shown in Table 1 for both the UH-.60A quantity of data known to exist, numerc.,s
and AH-IS helicopters, contacts are being made by Government

activities, program manager offices and
The development of the test schedules private contractors (involved with

from the scenario information was developmental design for a Government
accomplished on a weighted bases, i.e., the contract) to acquire specific data.
contribution of each flight event to the Currently, these data exist in many data
final schedule was based on the percentage of files which mast be researched to obtain data
time that event occurred during the 1.5-hour for a specific request. The goal of this
scenario, as indicated in Table 2. ongoing study is to formulate a shock and
Normalizing the time/event values to the vibratio, environment data base for the
smallest whole mnmber results in a ratio of various military vehicles and for equipment
one for group 1 events; eight for the group 2 mounted on/in these vehicles. This data base
events; and two for the group 3 events. The will be upgraded and expanded on a continuous
final PSD plot (from which the schedule data basis to provide the most current information
were derived) was, therefore, a composite of available on this dynamic environment.
the PSD datc- from one each of the two events
comprising group 1; eight of the group 2 EXAGGERATION FACTORS
events; and two eachi of the three events
comprising group 3 (total of 16 data files). The development of laboratory simulation

schedules for vibration tests often
The final schedules (which have been necessitates the compressing of time by means

designated ae preliminary) are a shaped of increasing laboratory input stress values
random as shown in Figure 2. (accelerated testing) beyond those actually

measured under field use conditions. This
procedure assumes fatigue to be the cause of

It is evident that the laboratory structural damage and has been well defined
ichedule contains only a fundamental by Miner's Theory. This accelerated testing
frequency plus a harmonic. A comparison of procedure has been used for numerous years by
this sch, ule to the PSD data is shown in the USACSTA, ocher AMC installations and
Figure 3. Although other high level, private contractors. There have been
narrowband frequencies do exist in the data, occasions when the field stress multiplier
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value (derived from Miner's Theory) vibration exciters or shook machines and will
(exaggeration factor) has been provide these data to USAWSMR for their use
questioned--should it be 1.25, 2 or some in the following study.
other value. There has been no apparent
effort to thoroughly research the RAIL IMPACT SIMULATION ON HYDRAULIC EXCITERS
establishment of such a number. This
investigation is providing the necessary The USAWSHR study will utilize the rail
research and will establish the maximum impact data provided from the previously
exaggeration factor that should be ased in mentioned study to develop laboratory
developing laboratory vibration test simulation of the rail impact environment on
schedules from field data. their large hydraulic exciter system.

Future Plans. COMBAT VEHICLE SCENERIOS

Although several investigations have been The new laboratory vibration test
finalized, several others have recently been schedules for ammunition and installed
completed and are undergoing final review, equipment in combat vehicles are the complex,
and still others are ongoing, many more or swept narrowband ramdom-on- gandom, spectra
investigations remain as a part of the TECOM reflecting the amplitudes and frequencies
Plan of Action. This section of the paper that have been determined to be dependent on
will identify these fature efforts. the vehicle ground speed. The new schedules

are based on minimal scenario information
NEW VEHICLE VIBRATION TEST SCHEDULES that has been obtained relating to combat

vehicle operations. Since refinements are
The cargo bed and installed equipment being made in digital vibration controller

vibration environments of the military ground software, improvements need to be made in the
vehicles (cargo and combat) currently in the test schedules by weighting these schedules
Army's inventory either have been or are based on more realistic vehicle
being measured and translated into laboratory speed/duration relationships. The objective
vibration test schedules. New vehicles, of this study is to define the movement
however, continue to be developed; and in scenarios (speeds, durations and terrain) of
order to keep the laboratory test schedules combat vehicles in order to upgrade existing
current, the vibration characteristics of the laboratory vibration test schedules plus
new vehicles need to be measured and utilize this information in development of
translated into revised/new laboratory future schedules.
vibration test schedules for secured cargo
and installed equipment. Without maintaining SHOCK SCHEDULES FOR INSTALLED EQUIPMENT
current and accurate laboratory vibration
schedules, the vibration testing comminity Although test spvcifications define shock
cannot continue to accomplish the most palses to be used in laboratory shock testing
realistic testing. This investigation will of equipment installed in military ground
measure the secured cargo and/or installed vehicles, there is a lack of any known
equipment vibration environment under field correlation between the specified shock
conditions for new military cargo transport pulses and the shock environment which exists
trucks, trailers, semitrailers or combat under field operating conditions. In order
vehicles, and update the current laboratory to adequately simulate this field shock
vibration test schedules used for simulation environment, the environment must be measured
testing, and analyzed and then proper laboratory

pulses and test procedures must be developed
RAI.' IMPACT SIMULATION to simulate this field environment. This

investigation will measure the shock
There are instances where the shock environment for installed equipment

environment ass'ociated with rail impact (including ammunition in the vehicles) in all
testing could be simulated under controlled military ground vehicles and translate these
laboratory conditions, this eliminating the environments into realistic laboratory test
need for actual railcars, locomotive and schedules.
locomotive crew; much could be a
cost-effective means of testing hbt is VIBRATION CONTENT OF TRACKED
dependent upon the size of the item and the VEHICLE/HELICOPTER DATA
capacity of the laboratory simalation system
(e.g., hydraulic vibration system). With The complex random vibration test
more bydraul'c systems now available, it has schedules which have recently been developed
become desirable to develop laboratory for tank and self-propelled artillery
simulation schedules for rail impact testing. ammanition and installed equipment have been
In order to do so, data are required from characterized as a sweeping narrowband
actual rail impact tests. This investigation random-on-broadband random spectrum.
will acquire the necessary data to develop Concerns have been expressed that the
laboratory shock test schedules for narrowband random environment is not random
simulating rail impact on electrodynamic hat might perhaps be &imisoidal in nature.
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Similarly, existing hdlicopter vibration test DETERNINATION OF REALISTIC DROP
schedules consist of four sinusoidal TEST PROCE)URES
frequencies superimposed on a broadband
random vibration environment. Based on t'he Drop testing has been utilized for many
preliminary helicopter schedules discussed years by testing agencies as a cost effective
earlier in this paper, concern has again been means of verifying that various accidbntal
espressed by some that the sinusoidal portion drops of packaged and unpackaged materiel
of the spectrum is not sinusoidal but might will not render that materiel unserviceable
perhaps be random in nature. This or unsafe for further handling. The present
investigation will be conducted to farther test procedures and schedules have been
examine and define the nature of these two existent for over 15 years, and the rationale
environments. for them has been obscured with time.

Additionally, new size vehicles have become a
ARMAMENT FIRING SHOCK SCHEDULES part of the Army's invento-y and new handling

procedures are being used. For all of these
A significant shock environment for reasons, the scenario needs to be redefined

combat vehicles occurs during the firing of in order to provide the most realistic drop
the main armament. For the vehicle to remain tests and procedures. This study will define
completely operational, equipment mounted in the various parameters associated with these
and on the vehicle must be capable of accidental drops (i.e., height, surface,
withstanding this shock environment. To crientation) measure the shock levels
verifý this by actual firing the armament associated with these various drops as
namerous times becomes cost prohibitive, thus required, and translate these environments
the neod for laboratory simulation. There is into realistic laboratory drop schedules and
presently no known laboratory simulation procedures.
schedules for this shock environment. This
study will measure the shock levels at Relationship of Test Courmes to Real World
equipment locations in and on combat vehicles Terrain.
that result from main armament firing and
develop realistic laborat ory shock simulation Laboratory vibration test schedules are
schedules from these data. developed from data obtained during operation

of vehicles on prepared test courses such as
Shock Test Schedules Simuilating Ballistic those in USACSTA's Munson and Perryman Test
Impact. Areas. These particular courses (as well as

several others) have been in existence for
Another shock environment which exists in well over 30 years,and the rationale behind

combat vehicles is the resultant shock from their characteristics has become obscured
ballistic impacts. For the vehicle to remain with time. In order to continue to
completely operational, the equipment mounted develop/upgrade laboratory vibration test
in the vehicle must be capable of schedules to meet the thrust of test realism,
withstanding this shock environment. To the relationship of prepared test courses to
verify this by actually firing projectiles real world terrain needs to be determined.
into a vehicle is time-consuming and not cost This determination will address factors such
effective; laboratory simulation can often be as profile and length comparisons, will
used. There are currently no laboratory provide the relationship of prepared test
simulation schedules for this shock courses to the real world terrain, and will
environment. The goal of this study is to utilize this information for upgrading
measure the shock levels at equipment laboratory simulated vibration test schedules
locations in and on combat vehicles that based on scenario information.
result from ballistic impacts and to develop
realistic laboratory shock simalation EXPANSION OF DIGITAL VIBRATION
schedules from these data. CONTROL SYSTf1 CAPABILITIES

VALIDATION OF HELICOPTER VIBRATION SCHEDULES The continuing investigation efforts
since 1980 to develop more realistic

This study will be conducted following laboratory vibration test schedules has lead
the development of the helicopter vibration to the replacement of swept sine vibration
test schedules that is currently ongoing. As testing with complex random schedules (shaped
there will be new schedules, efforts will and swept narrowband random-on-broadband
need to be made to validate them. The random). As efforts continue along these
objective of this study is to utilize typical lines, both for ground vehicles and
items mounted on/in helicopters for helicopters, the need to fully develop the
validation of the new test schedules by capabilities of the digital control systems
measuring both the real world and the used in test laboratories has been
laboratory testing responses and comparing identified. This development is essential to
the same. tracked vehicle vibration simulation where

the frequency/amplitude relationship is both
harmonically related and ground-speed
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dependent. In order to reproduce timse
relationships in the best possible manner in
test laboratories, the control systems mast
be expanded to the limits of their
capabilities. This study is designed to
ensure vibratinn controller software and
hard,iare are expanded to the maximam
capability of the system in order to upgrade
current test rchedules for improved realism
in testing.

SUMMAR!

The Plan of Action adopted by the TICON
Shock and Vibration Technical Committee in
19W8 contained 13 separate investigations
(one dealing with the dynamic response of
human simlators was ultimately dropped from
the plan). As the wheels of progress in
conducting these investigations started to
turn, the committee contimed for several
years to identify additional areas that
needed investigation. The original
13-investigation plan became 12 (when the one
was dropped) and from there has grown to 27
investigations. Eight investigations have
been finalised; three have recently been
completed and the reports are being staffed;
and another four are currently ongoing. This
leaves another 12 yet to be started.

The advancements that have been made have
resulted in new laboratory vibration test
schedules being developed for wheeled and
tracked vehicles, both cargo and combat, that
are considered to be more realistic
representations of the real wvrld
environment. Some of these schedules have
found their way into NIL-STD-81OD; many more
are found in bhe TECON International Test
Operation Procedure 1-2-601; and these
schedules are gaining international
acceptance in the ongoing test
standardization efforts. As more of these
investigations are completed, the remslts
will find their way into updated Military
Standards and TECOM Test Operation
Procedures. This overall massive effort has
started, and will contimne, to update
laboratory uimulation test schedules for the
dynamic environments of vibration, bounce and
drop. The plan is a dynamic one and has
grown and changed over the years; and it will
contime to change and grow as new horizons
come into view.
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Staging 375 miles •]Storage _ 125 miles suppl 16mie Unt 1mls
"("a FAjrea Point•

Trucks, Semitrailers Two-Wheeled Two- Wheeled
S•- Trailers Trailers or

--t M548 Cargo
Carrier

Figure 1. Cargo Transportation Scenario
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.oeptember 1986

TABLIE i. FLIGHT SCENARIO

Percentage

of Flight
Group Events Time %

1 Takeoff, hover, landing 13
2 Level flight, maxium speed 57
3 Maneuvers (turns, ascend, 30

descend, Nap-of-the-larth
Flight (102))

The UH-60A events that net the group requirements were as follows:

Group 1 Combat landing (2 events) - no other data available.

Group 2 Level flight at maxinm speed (1 event) - 130-knot airspeed.

Group 3 Maneuvers (3 events) - right turn, left turn (both at 130
knots), NOE.
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September 1986

TABLE 2. DETERMINATION CF WEIGHTING FACTORS (90-MINUTE SCENARIO)

Scenario Scenario
Event % of No. of Time/Group, Time/Event, Normalized
Group Time Events min snn Time/Event

1 13 2 12 6 1
2 57 1 51 51 8
3 30 3 27 9 2
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THE DEVELOPMENT OF LABORATORY VIBRATION
TEST SCHEDULES--PHILOSOPHIES AND TECHNIQUES

Richard D. Baily
U.S. Arvy Combat Systems Test Activity (USACSTA)

Aberdeen Proving Ground, Maryland

This paper describes the philosophies and techniques
developed and used within the U.S. Army Combat Systems Test
Activity (USACSTA) at the Aberdeen Proving Ground, MD, to
derive labor.atory vibration test schedules that simulate
the field transportation vibration environment associated
with tactical vehicles. The logical progression from
acquiring data on a tactical vehicle over fixed-profile
test courses through the analysis and manipulation of the
data to the final laboratory schedule of amplitudes,
frequencies, and test times is covered.

INTRODUCTION PacilitieL

Materiel used by the Army iast be One of the primary facility requirements
designed to withstand the vibration is tactical vehicles. The term "tactical"
environment normally encountered during defines wheeled and tracked vehicles designed
ground vehiclo and helicopter transport as for travel on paved 'nd secondary roads,
secured cargo and/or installed equipment trails, and cross-country terrain as either
without lcsing the ability to perform its cargo or combat vehicles; also helicopters
intended mission. As a means to ensure this, used as cargo carriers and attack vehicles
laboratory vibration tests are used are included in this definition. Thb
extensively in lieu of the more vehicles used at USACSTA were randomly chosen
time-consuming and less cost-effective either from the USACSTA fleet of test
technique if loading or installing equipment vehicles or from those currently undergoing
in a broad array of vehicles and operating other testing at APG. The only helicopter
those vehicles for appropriate distances essted was a CH-47D used as a cargo carrier.
over test courses. Such laboratory vibration There was no attempt to upgrade any of the
tests consist of amplitudes at given vehicles for our particular application; to
frequencies for stated periods of time keep things as typical as possible, they were
(hereafter referred to as teat schedules) and vehicles that had been subjected to normal
in the past have had little torrelation with maintenance performed at forward-area motor
field operations. pools. The tire pressures and track tensions

used were those prescribed for the particular
This paper, which is taken for the moat vehicle on the particular type of terrain.

part from the recently published
International Test Operation Procedure
ITOP 1-1-150 (ref I), describes the Another facility of primary importance is the
facilities, scenario information, and test courses. At USACSTA the Munson and
techniques used within the U.S. Army Combat Perryman automotive test courses are now, and
Systems Test Activity (USACSTA) at the have been for many years, standards. The
Aberdeen Proving Ground, MD, to develop Munson courves are fixed profiles simulating
laboratory schedules that simulate the field terrain features that create the most severe
transportation vibration environments vibration environment that a tactical vehicle
associated with tactical vehicles, might encounter in meeting its transport

requirements. The courses used were the
SCHEDULE DEVELOPMENT FACTORS Two-inch Washboard, Belgian Block, Radial

Washboard, and Spaced Bump from the Munson
Factors that must be considered during area and the Three-mile, high-speed, paved

the development of a vibration test schedule straightaway at the Perryman area. The
include facilities, scenario information, Munson courses depict terrains found on
vehicle speeds, and fatigue considerations.
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unimproved secondary roads, trails, and b. Ground vehicle type. The choice of
cross-country and were designed to provide cargo vehicle is determined by the type of
profiles that are not altered by changing terrain encountered between the supply points
climatic conditions. This is important and by the physical sise of the cargo items.
because it ensures repeatability among As ground transport progresses from the PSA
vehicle tests for comwariseon purposes. The to the user, the terrain changes from
Perryman course, as its name implies, is multi-lane paved roads to trails and
three miles of straight, smootL-surface, cross-country, and vehicles are designed
bituminous concrete used in the schedule accordingly. As the types of vehicles
development process for tracked vehicle change, consideration must be given to
operations. Both areas are described in whether the cargo will pbysically fit in a
detail in reference 2. particular type. If not, that vehicle should

not be used to develop a schedule for that
The final important facility requirement particular cargo item.

is a data acquisition and analysis system.
Having ran the gamft from umbilical hook-ups c. Terrain conditions. As stated above,
between the test vehicle and data van througb the terrain and severity of the vibration
on-board recorders and IN telemetry, USACSTA environment changes from relatively smooth
has developed an Automated Data Acquisition paved roads through inimproved secondary
and Processing Technology (ADAPT) system roads to trails and virgin cross-country
using Pu3se Code Modulation (PcN) telemetry profiles. Unimproved secondary roads,
for acquiring the data. This system has trails, and cross-country terrains provide
proven to be the most effective way of the most severe vibration environment for
acquiring and processing large quantities of wheeled vehicles, while hard-surfaced roads
interference-free data. A description of the provide the most severe environment for
system and the data processing procedures are tracked vehicles.
contained in reference 1.

d. Plight conditions. For helicopters,
Scenario Information vibration severity is related to flight

conditions. The vibration environment at a
a. Distance. For cargo items, the given location in or on a helicopter is

ground distance is determined on the basis of affected by the power output of the engine,
transport mileage between each of the the aerodynamic buffeting of the rotor(s),
designated supply points occurring between and atmospheric conditions. Table I lists
the port staging area (PSA - the point where the typical flight conditions for a cargo
ground transportation begins) and the user of helicopter as determined after direct
the item. Figure 1 is a typical cargo discussion with a complete flight crew
scenario taken from ITOP 1-2-601 and including the cargo master.
M IL-STD-81 OD.

Vehicle Speeds. The application of vehicle
For installed equipment items, the ground speeds is critical to the severity of the
distance is determined on the basis of the vibration environment, the field transport
maintenance schedule for the vehicle on which time, and ultimately to the laboratory
the equipment is mounted or on the basis of a vibration test time. It is reasonable to
designer/user agreed upon repair/replacement assume that a vehicle operator under tactical
schedule for the particular installed conditions will travel at a maximum speed
equipment item. Ammunition in racks is consistent with the terrain, and the ability
considered installed equipment, and the to control the vehicle and retain
ground distance is based on user load-restraint integrity. For whieeled cargo
requirements. vehicles, this speed usually produces the

most severe vibration environment on the
The scenario for cargo and installed cargo bed, but this should be
equipment transported by helicopter is determined/verified for each schedule
generally measured in time rather than development effort.
distance. The time begins with the gzound
ron-up phase of helicopter flight and Vehicle speeds and required scenario
progresses through ascent, level flight, distances are used to determine the field

maneuvers, and ends with descent and landing, transport time from which the laboratory test
It is imperative that the scenario time is derived. For tracked vehicles, the
information for a given helicopter type designated convoy speed is used since it is
provides sufficient flight conditions and the speed at which this type of vehicle is
corresponding times for the individual usually operated on paved roads, which, as
conditions to adequately describe the most stated above, constitutes the most severe
severe vibration environment. For example, vibration environment. For wheeled vehicles,
level flight should include a range of speeds the critical speeds vary with thr types of
between minimum and saximum and the expected terrain. If more than one ter.,iin (test
flight time at each speed for a normal course) is used to simulate the scenario
mission in order to determine the most severe requirements, the average of all critical
level flight condition.
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speeds is used to determine the field of field environment into an equivalent
transport time, laboratory test requires a relationship

between time and vibration level. Since
stress is proportional to vibration level, it

Fatigue and Wear Considerations. is possible to apply the cumulative fatigue
damae e hpothesis and relate number of cycles

a. Cumulative damage equivalence. A (or time) at one amplitude level to an
major cause of items failing to perform their exaggerated level for a fewer number of
intended function is material fatigue cycles. Per random vibration environments,
accumulated over a time period as a result of this relationship is defined as:
vibration-induced stress. This cumulative
damage and the theory involved provide the
basis for choosing vehicle-terrain f V1 b/n .-
combinations and for determining laboratory 2
test times as a fumnction of scenario distance \W T2Jin the development of a vibration schedule.

in which:
b. The particular aspect of the damage

equivalence thrn~ry uaed is Miners' Method, V, - real time amplitude (G/H.)
which describes data curves of stress versus
number of cycles (S-N) for various materials. V2 - laboratory test amplitude (Gill.)
An excellent review of the cumulative damage
theory is given in reference 3. T, " real time

c. Terrain stverity. Since theory T2 - laboratory test time
states that damage will occur at the highest
stress levels, it follows that the developed b - 9 (generally used endurance
schedule must reflect the most severe curve constant)
vibration environment. For wheeled vehicles,
this has been determined to occur during n - 2.4 (generally used stress
operations on unimproved secondary roads, damping constant)
trails, and cross-country. Transport over
paved roads with a wheeled vehicle produces
vibration levels that are insignificant ia The ratio Of V1 to V2 becomes the
comparison; therefore, that portion of a exaggerntion factor. For factors greater
scenario can be ignored for schedule than 1, the laboratory test time is reduced;
development purposes. and, conversely, for fectors loes than 1, the

laboratory time is increased.
On the other hand, paved roads provide the
most severe vibration levels in a tracked Caution mast be exercised in using this
vehicle because of the relatively constant exaggeration factor. It appears foolish to
impact of the track blocks on the hard attempt to compress test time to the point
surface. Hard-packed gravel or dirt that the increased amplitude will exceed the
secondary roads will produce levels nearly yield or ultimate strength of the material.
equivalent to paved roads; but in temperate Reference 3 suggests limiting the
climates, secondary roads do not retain their exaggeration of test levels so as not to
hard packed surfaces for any appreciable exceed the ratio of ultimate strength to
length of time, and therefore, the scenerio endurance strength oi' the material being
times on those types of courses are tested. In an attempt to determine a maximum
discounted. However, for tracked vehicles exaggeration value, a search was conducted of
designed primarily for operational scenarios the mechanical properties of 25 metals that
in desert or arctic climates where the have been used most often in a large vatiety
unpaved road surface is consistently hard of test items (ref 4). The ratios of
packed, such terrains should be used. At ultimate stress (U) to the elastic limit (Y)
this time, however, no scenario information and ultimate stress (U) to the endurance
is available for these types of operations. limit (EN) were calculated for each of the
Consequently, only the paved road portion of metals and averaged, producing values of
a tracked vehicle scenario is relevant to U/Y - 1.37 and U/EN - 2.73J. These ratios
schedule development for that type of *Were then averaged, producing a value of
transport. 2.08 (see table 2). Based on this

information, the value of 2 is suggested as
the maximum limit for exaggeration factors.

d. Exaggeration factor. The cumulative
damage theory effects the laboratory test
time through the use of an exaggeration This approach is based upon a combination of
factor. As previously mentioned, it is experience and acme valid assumptions.
normally not practical to test equipment by Experience has shown that equipment is
transporting it in or on vehicles on a designed so that its structural integrity
real-time basis. To compress the many hours lies above the endurance limit of the
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material because fatigue failures do occur in cargo bed at locations that will measure the
the field. It is known that items are not input acceleration forces impartead to the
designed at the ultimate limtt of the load. The ramber of locations must be
material, however, because these failures do sufficient to describe the overall cargo bed
not occur on the first vibration cycle, environment. Care shouald be taken to avoid
Assuming that equipment is designed so that placing accelerometers on the relatively thin
its structural characteristics lie somewhere steel plate that comprises most cargo bed
in the midpoint region between the endurnnce surfaces. This surface, particularly between
and elastic limits (see figure 2), splitting structural members, exhibits high
the approximate difference would produce a acceleration levels bit has very small
value of 2 which thus lends credence to the effective mass, this producing little force
use of 2 as the maximum exaggeration factor. on the cargo. The acceleration measurements

must be taken in the three primary axes of
Exaggeration factors for materials whose the bed--vertical, transverse, and
fatigue characteristics are unknown or for longitudinal.
failure mechanisms other than fatigue (such
as loosening of threaded connections) cannot VEHICLE PREPARATION FOR DATA
be calculated. Real time test levels and ACQUISITION--INSTALLED EQUIPMENT
durations should be used i~n these instances
unless there is sufficient information about Acceleromeyere mist be mounted on the vehicle
the particular application to allow the use walls, deck, and roof, as well as on brackets

of a reasonable exaggeration factor. and shelves that are integral parts of the
vehicle, as close as possible to the point(s)

VEHICLE PREPARATION FOR DATA of atta'3hment of the existing/planned
ACQUISITION--CARGO installed equipment. The purpose is to

measure the vibrati3n environment of the
Specific Load. If the load and tie-down vehicle at the input location(s) of the
method are specified, no farther instructions installed equipment which has the same
are necessary; the specifications will be configuration as the equipment which will
followed, subsequently be used as a test item during

laboratory testing. For instance, if a piece
General, Cargo Simulated Load. For general of equipment is mounted on a bracket in the
applications when loads and tie-down methods vehicle and that bracket will not appear as
are not specified, typical cargo packages part of the equipment during subsequent
should be chosen. These shw-1d be boxes, laboratory testing, the environment should be
drums, or cartons designed to provide a measured on the bracket as the input to the
sismulated load that covers as much of the equi~pment.
cargo bed as possible consistent with the
tie-down method and that weights the v'3hicle If a mounting platform exists on a vehicle
with approximately 75% of its rated payload, and the test item to be installed thereon is
This weight limitation is a somewhat not available, a model of the item with the
arbitrary figure that is based on a study same mass and center of gravity shouild be
that discovered that in the field, load used. This ensures that the reaction of the
weights varied b'it tended to be at, or near, installed test item will be included in the
fall load. Another study revealed that the data recorded at the input to the mounting
severity of the cargo bed vibration platform. In all cases, the measurements
environment was minimal at fall load and mist be taken in the three primary axes.
increased dramatically as load decreased.
Based on these two studies, the value of 75% The difference between the mechanical
of rated payload was chosen to provide a impedances of mountings for field-installed
degree of conservatism, and laboratory-installed equipment should be

considered, particularly for relatively
Large rigid items such as steel plates, massive items. A comparison of the field and
beams, or concrete blocks should not be used laboratory frequency response functions is
as simulated loads because their monolithic one method of evaluating this difference; and
nature inhibits the flexibility of the cargo the use of average, extreme, or response
bed. laboratory vibration control techniques are

considered valid approaches to minimizing any
Tie-down. The simulated load mist be impedance mismatch.
securely attached to the vehicle cargo bed
using ateal banding, web strapping, and/or DATA ACQUISITION PROCEDURES
dunnage. It mist be secure enough to prevent
impacting between load and bed and mist Cargo Schedules.
prevent relative movement in the horizontal
planes. a. Attach triauial accelerometers to the

structural members of the cargo bed in order
to measure the vibration environment along

Accelerometers. Accelerometers mist be the three matually perpendicular axes usually
mounted on the structural membere of the noted as vertical (Mi, transverse (T), and
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longitu4inal (L). Normally, these axs ar" Data Characteristica. Past tesis and studies
relative to the axes of the vehicle, i.e., concerned with analysing vehicle vibration
vertical is up/down, transverse is side/side, data have resulted in _A following
and longitudinal is front/rear. This conclusions:
notation is not mandatory lut tends to be
least confuising to the overall vibration a. Wheeled vehicle vibration data can be
testing community. best simulated by using wideband random

techniques.
b. Check the tie-down system to ensure

security of the load.
b. Tracked vehicle vibratio, exhibits a

c. Run a systems chack of wideband random threshold vi'h superimposed
Instrumentation, and perform the necessary high level randos amplitudes at frequencies
calibrations, that are integer maltiplee. The frequencies

of these higher 1.701 data are created by the
d. Operate the vehicle at the prescribed interaction between the tracks and the hard

speed(s) over the designated fixed profile road surface, and they are proportional to
courses, and record tin data. vehicle speed. This proportion can be

described as follows:
installed ftuipment Schedules.

a. Attach triaxial accelerometers at the f 0 0.28v
actual or proposed vehicle-inotalled p
equipment interface points to measure the
input to the equipment as it will in which:
subsequently be tested in the laboratory.
Orient the accelerometers to measure data in f - frequency (Hs)
the V, T, and L axes as described above. p track pitch (a)

v = velocity (km/h)
b. Run a systems check of

instrumentation, and perform the necessary c. Cargo helicopter data are wideband
calibrations, random with superimposed high level random

amplitudes occurring at the harmonically
c. Operate the vehicle at the prescribed related frequencies that are associated with

speed(s) over the designated fixed profile the rotating helicopter components.
coursees, and record the data.

Combined Data.
DATA REQUIRED

a. Cargo. It is impractical to use an
Care must be taken when recording data to actual -ehiole cargo bed as a moanting
ensure that it can be correlated wlth any platform in the laboratory. Therefore, a
data taken during previous tests of the same raaller fixture mast be designed to perform
type of vehicle. Parameters such as sampling this function. This sirilated orgo bed
rate and filtering will affect the ability to precludes placing control accelerometers at
compare/combine environients during analysis. the same locations used on the vehicles
The analysis filter bandwidth is particularly during the acquisition of field data. It
important; comparing/combining different data remains then to combine the data from each
sets must be done using the same analysis field test location 4nto a single set of data
filter bandwidth. The following data mist be that represents the entire cargo bed
cbtained: eAvironinnt along each of the mutually

perpendicular axes (V, T, L).
a. An accurate log of accelerometer

locations and orientations.
Further data combining is required when more

b. An accurate log of test courses and than one fixed profile couree is used to
speeds. describe the scenario terrain for wheeled

vehicles. In this case, the data describing
c. Recorded data in terms of the entire cargo bed from each couree are

acceleration amplitudes versus time for time combined to provide a single set of data for
intervals sufficient to ensure accurate each axis that represents the required
analysis. terrain enviroment for a given vehicle.

4. Graphic representation (photographs, The final combining of data occurs if it is
sketches, etc.) of the cargo load/inttalleO required to combine the individual data sets
equipment mcunting configuration. from each of a series of similar vehicles in

order to develop a schedule for &n entire
DATA PRESENTATION vehicle classification. Reference 4

describes the procedures for this combining
of locations, courses, and vehicles.
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For cargo helicopters, this additional each individual data channel or for composite
combining in required to encompass the data resulting from combined channels.
different flight conditions involved in a
typical scenario. Reference I describes a The final step in data presentation reoire.
technique that combines flight conditions on converting these PSD curves to a ser. . of
a weighted basis, i.e., the contribution af break points suitable for programming
each flight event to the final composite laboratory vibration control instramentation.
sckdule was based on the percentage of time A break point is defined as a given G /Hs
those events occurred during the scenario amplitude at a given frequency. A series of
flight, break points connected by straight lines

becomes the acceleration amplitude frequency
portion of a laboratory schedule. Fipgres 3

b. Installed Equipment. Developing a and 4 are typical plots of wheeled and
schedule for equipment already installed in a tracked vehicle break points.
particular vehicle normally will not require
the combining of data channels/locations.
Moet equipment 5' small enough to require a SCHEDULE
minimal nu-mber of locations whi^h can be
duplicated on a laboratory test fixture. The break point data and test time derived
However developing more general schedules for from the vehicle speed, scenario distance,
vehicle internal and external surfaces that and exaggeration factor (if required)
will subsequently become mounting platforms comprise a laboratory vibration test
for installed equipment (hall and turret schedule.
walls, decks, roofs, etc.) requires many
data acquisition locations, even more than on Reference 2 contains the procedures end
cargo beds. It wculd be extremely instrumentation used by USACSTA for
impractical to develop a schedule for each developing some o0 the secured cargo and
location. The data from each location must installed equipment laboratory vibration
therefore be examined and statistically schedules. It is taken from a USACSTA report
compared in order to determine the and is included in the reference as a typical
f•tasiloility of combining them. example for application of the information

contained in this paper. In the interest of
The statistical parameters used to compare brevity, examples of data plots for the cargo
the data include tb-i overall root mean square schedules were limited to the vertical axis
(MS) acceleration values for each channel, only; and those for the installed equipment
the mean and standard deviation of these are not include6.
values, ard the confidence level pertinent to
the choice of using the mean overall RIS SWNARY
value as the comparison factor. This
comparison will control the number of The process of translating field vibration
schedules required to adequately describe the data into realistic laboratory vibration test
vibration environment in and/or on a given schedules requires a lot o" up-froat planning
vehicle, and obviously this number should be to ensure all of the proper data in
a minimum. sufficient quantity are collected Airing

field operations. The operational scenerio
Data Proceasing. The first step in the data for the materiel must be established In order
handling process is to ensure the integrity to produce the dosired realism in the
of recorded time/amplitude data from the test laborp.tory test As can be seen, it is not a
coarses, i.e., the data mast be free of process of merely taking a few measurements
noise, signal lose, etc. and reducing the data. It is a procede which

requires a lot of km ledge about the item
Once good data are admared, the second step and its intended use if roalistic laboratory
is to make the conversion from the time testirg is to be conduct i. This paper has
domain to the frequency domain in the form of briefly addressed each area which is involved
p~wer spectral density (PSD) measured in or addressed by the U.S. Army Combat Systeme
G /Hs versus frequency. A PSD curve for each Test ActiýIty in developing laboratory
data channel should be computed, plotted, and vibration test schedules.
checked as a final test of data integrity.

The third step involves combining data
channels and locations, if required. The
best method for accomplishing this in by
using electronic data-processing techniques,
as described in reference 2.

Aý this stage in data presentation, plots of
G/Hz versus frequency have been made for
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September !•06

TABIC 1. HELICOPThl FLIGHT CONDIIONS

Event No. Event Dmcription

I Ground run-up
2 In-groand effect (I0) hover
3 Out-of-ground effect (OG) hover
4 Climb - 80 knots indicated air speed )KIAS), 50 f0 .
5 Level flight - 80 KIAS - 1000 feet mean sea level )NSL)
6 Standard rate ta1rn - 80 KIAS - 1000 feet NSL
7 Level flight - 130 KIAS - 1000 feet NSL
8 Standard rate tu-n - 130 KIAS - 1000 feet NL
9 Level flight - 0*.95 V - 100O feet NSL

10 Standard rate tarn - 0.9; V * - 1000 feet NSL
11 Level flight - 80 KIAS - '000 feet NSL
12 Standard rate turn - 80 KIAB - 5000 feet NSL
13 Level flight - 130 KIAS - 5000 feet NSL
14 Standard rate turn - 130 KIAB - 5000 feet NISL
15 Level flight - 0.95 V¥C - 5000 feet NSX,
16 Standard rate turn - 0.95 ¥He - 5000 feet NSL
17 Descent - 80 KIAS - 500 fpu

*VH is the maximsa horizontal velocity obtainable without losing
altitude.
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TABLE 2. NMTALS AND NRCHANICkL PROPERTINS

ELASTIC ENDURANCE
LIMIT LIMIT ULTIMATE RATIO RATIO
(Y) (u) (U) (U/i) (U/I)

I. Steel, 0.4% C, R. Rolled 53 38 84 1.59 2.21

2. Steel, Stainless (18-8) Annealed 36 40 85 2.36 2.13

3. Steel, Stainless (18-8) Cold rolled 165 90 190 1.15 2.11

4. Alum, Cast, 195T-6 24 7 36 1.33 5.14
5. Alum, Vrought, 2014-T4 41 18 62 1.51 3.44
6. Alu*, VWrught, 2024-T4 48 18 68 1.42 3.78

7. Alum, Vrought, 6061-.6 40 13.5 45 1.13 3.33
8. Magneflum, Extrusion, ALaOX 35 19 49 1.40 2.58
9. Magnesium, Sand Cast, AZ63-HT 14 14 40 1.00 2.86

10. Nonel, Wrought, Hot Roiled 50 40 90 1.80 2.25

11. Steel, 1040 60 43 90 1.50 2.09
12. Steel, 1340 63 59 102 1.62 1.73
13. Steel, 4130 63 47 97 1.54 2.06

14. Steel, 4140 143 66 165 1.15 2.50
15. Steel, 4340 200 58 222 1.11 3.27
16. Steel, 5140 169 82 190 1.12 2.32

17. Steel, HY140 142 70 149 1.05 2.13
18. Steel, garage 200 215 100 225 1.05 2.25
19. Steel, garage 350 345 110 352 1.02 3.20
20. Alum, Cast, 113 15 9 24 1.60 2.61

21. Alum, Cast 335, T61 35 10 39 1.11 3.90
22. Alum, Cast, 224, T7 48 12 61 1.27 1.27
23. Alum, Cast, A249, T7 50 11 60 1.20 5.46

24. Cast Iron, N31leable 33 28 58 1.76 2.07

25. Cast Iron, Ductile 55 30.5 80 1.46 2.62

AVERAGE U/I - 1.37
AVERAGE U/EN - 2.78
AVERAGE U/I - u/0 - 2.08

2
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LABORATORY VIBRATION TEST SCHEDULES
DEVELOPED B2fOlD NIL-STD-81OD

Richard D. Baily
U.S. AMY CONBAT SYSTMS TEST ACTIVITY (USACSTA)

ABERDEEN PROVING GROUND, MARYLAAD

Thie paper list. the docamentation and describes the
work that baa been acoomplished in derivinR laboratory
vibration toot schedules for tactical vehicles since the
introduction of such schedule* in NIL-STD-810D.
Approximately 20 schedules have been developed from field
data acquired on 15 difforent vehicles.

INTRODUCTION design, installation and implementation of
the Automated Data Acquilition and Processing

The development of laboratory vibration Technolog (ADAPT) system. With the advent
test sohedules from real-time field uf the ADAPT systeo, its library of more than
transportation data began at Aberdeen Proving 100 data processing and premeLtation software
Oround (APG) in the early 1960.. Prior to programs, and the increased emphaais on the
that time most of the laboratory tests weve importance of methodology studies, the
conducted according to schedules found in Air development of laboratory vibratio6 sohedules
Forne documents such as Ulltary simulating the field transportation
Specification NIL-1-5272C which called for environment of tactical vehicles moved
swept-sine tests from 5 to 2000 Hs at forward rapidly.
anywhere from 2 to "20 g's, with resonance
dwells of up to 30 mimntes in duration. Suoch The initial efforts along these lines'
a resonance dwell on an item of general were the development of the combined wheeled
equipment wan often more hasardous tLan vehicle, two-wheeled trailer and N548 tracked
testing live anmanitinn. Popped rivet. and cargo carrier laboratory vibration test

Sheared bolt heads ricocheted around the teat schedules for secured cargo that becne a
cell like angry hornets. Finally, one of the part of NIL-eTD-810D. Lt that time, persons
test sponsors, having had many of his test involved with the writxng of that military
items returned looking like unsseembled standard were aware that those particular
Christmas toys, requested that APG meamre schedules were limited to a very few vehicles
the field environment of a particular that had been sarveyed at USACSTA. Inasmuch
vehicle/test-iten configuration to determine as they were a far more realistic
if the vibration lovel. even came close to representation of the real-world environment,
those being used in the laboratory (if the decision was made to place those
remembered correctly, it was a shelter and schedules into WIL-STD-810D with the
air conditioner mounted on an-N113 chassis), intention of updating then through the une of
Acquiring the data on analog tape* was easy. changes to that standard.
Trying to compare the resulting randem data
(or complex random as it was labeled) to Numerous vibration test schedules have
simasoids wans a diffrent story. It was been developed since the publishing of
evident that mimnsoidal vibration and NIL-STD-81CD. Nost of these have been, and
resonance response at maximam amplification are being, accomplished under the U.S. Arm
did not occur in the lield. Efforts were Toot and Evaluation Commnd (TaCm)
then channeled, over several years, toward Nothelology program with the remainder being
improving the capability to analyse data to done through specialized program needs. This
determine the real nature of the environment, paper will define the specific test schedules
These efforts progressed elowly through the that have been developed and the fact that
era of analog recording and analysis they h's--e been documented.
equipment to the breakthrough of digital data
ac"rituition system and compter/Past Fourier NIL-STD-810D. The vehicle data used to
Transfors analysis instrumentetion. At the develop the sec-rsd cargo +ransport schedules
USACSTA, this evolution rwealted In the in the original version of Nethod 514.3 in
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NIL-STD-810D were taken from the 1-1/2-ton were then plotted in an overlay pattern and
41052 two-whueled trailer, the 5-ton N813 compared. It was obvious from the overlay
truck, the 12-ton N427 semitrailer and the that the N105A2 trailer vibration environment,
6-ton W548 tracked cargo carrier as part of t completely ova shadowed that of the other
test program c)nducted in 1982. Since then, vehicles. Since these trailers have a
data have been acquired on 15 different limited cargo capacity and a limited sphere
vehiclesa and approximately 20 teat schedules of opcratione in the field, it was decided to
have been developed. Three of theme separate the data and develop a schedule for
schedules have been submitted t. the 2-wheeled t:-ailers and another for the
NIL-STD-810D Tri-Serviae Committee for the composite of the five cargo trucks. The work
revision of the two-wltseled trailer, is documented in a methodology report
composite tactical wheeled vehicle, and concerning cargo transported in wheeled
tracked vehicle cargo schedules. vehicles. The resulting schedules appear in

ITOP 1-2-601 and are the ones that have been
Scedule Documentation. As previously submitted for inclusion in the revised
mentioned, the schedules that have been version of NIL-STD-810D.
developed thee far were done an part of the
ongoing TUCON methodology program or through The 1986 methodology effort ham produced,
projects designed for specific among other things, general cargo schedules
vehicle/test-item combinations. Those for two additional wheeled vehicles, i.e.,
resulting from methodology efforts are (or the Truck, 1-1/4-ton M998 High Nobility
will be) included in Test and Evaluation Multi-Purpose Wheeled Vehicle (HIVV) and the
Command International Test Operations 10-ton M985 Heavy Ixpanded Nobility Tactical
Procedure (ITOP) 1-2-601 (ref). This Truck (HMTT). The data from these vehicles

document is rapidly becoming a standard for were acquired in the same manner as described
laboratory vibration testing concerned with above and will soon be integrated into the
nilitary tactical vehicles. As stated in its existing composite wheeled vehicle schedule.
scope definition, it is a dynamic document
and is constantly being changed to include Tarther schedule development for wheeled
new and updated cargo and installed equipment vehicles concerned installed equipment (a
schedules. The highly specialised laboratory asparate piece of equipment which is
schedules ara documented in the individual installed in/on a vehicle and becomes a part
project reports. of that vehicle to enable it to perform the

intended mission (e.g., radio)). Schedules
Wheeled Vehicle Schedules. In 1983, a were obtained for various components of the
methodology study was completed which NAYSTAR/Global Positioning System (OPs)
provided laboratory schedule. for general mounted on the cargo bed and in the driver's
purpose cargo. The following vehicles were compartment of a Commeroial Utility Cargo
used to obtain the data: Vehicle (CUCV) and in the cargo bed and on

the fender of a High Nobility Multiparpose
Sewitrailer, 12-ton, N127 Wheeled Vehicle (HMWVV). The laboratory
Truck, 5-ton, 9813 vibration test schedules derived for this
Truck, 5-ton, 1814 (stretch body) project have been documented in a laboratory
Truck, 2-1/2-ton, N36 (stretch body) report; emd the data Indicate that, from a
Truck, 1-1/4-ton, M1009 Cormsrcial vibration standpoint, the fender of a HKNlY

U%-lity Cargo Vehicle (CUCV) is not an app-opriate place to mount anything
Trailer, 1/4-ton, 2-wheeled, 1416 (except Waahb a cocktail shaker).
Trailer, 1-1/2-ton, 2-wheeled, N105A2

Tracked Vehicle Schedules. A general cargo
schedule for the N548 tracked vehicle, which

Each vehicle was loaded to 75% of its rated is the only tracked vehicle designated as a
payload with wooden armmnition boxes cargo carrier, was also developed during the
containing the fiber containers used to house 1983 mBthodet' gy stud7. It in included in
the rounds of ammnition; these were filled ITOP 1-2-601 and was submitted for the
with sand to simulate the actual box weight. NIL-STD-810D rivision.
The boxes were secured to the cargo bed with
steol banding and blocking, and they covered Schedules for equipment installed in
the entire usable surface of the bed. tracked vehicles fallinto two uategoriec:
Triaxial accelerometers were attached at nine first, ainanition carried in racks
locations on the underlying structural fram specifically designed for that ammunition and
of the cargo area. The locations were moanting louations; and second, general item

designated as curbeide, center, and roadside that are or will be mounted elsewhere in the
at the forward, center and aft portions of vehicle.
the bed. The data from the nine triaxial
locations were electronically The initial schedules developed for this
composited--which resulted in a single set of installed-equipment effort were for 120-m
data in each of the three axes that ammanition transported in the ball and turret
repres-inted the cargo bed environment of each racks of the XNi Tank. This was accomplished
vehicle. These data sets for each vehicle as part of the rack development phase for
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this vehicle; and schedules were derived for As part of the aforementioned 1986
both the "A" and "B" versions l it were not methodology program, installed equipment data
included 4n any general documentation. When have been recorded at 20 places on the
the rack design was finalised, a methodology M113 Armored Personnel Carrier. The
program was formalised to study not only the locations were chosen to provide information
120-m ammanition in the MlAi tank but also on the overall vibration environment of the
the rack-sounted 105-rm ajmnitioa in the MI roof, deck, and bulkheads of that tracked
and M6OA3 tanks. The lull and turret areas vehicle. D.d in the case of the M109A3
of All three tanks were instrumented howitser, the data at each location will be
triaxially at each rack interface with walls, processed and compared and, if feasible,
decks, and roof.. The results of the study combined to provide a single vibration
were a schedule for 120-rn ammunition schedule that described the entire
installed in the MIAI tank's hlll rack (which M113 environment. If insufficient
experienced the most severe vibration input commonality precludes a single schedule, the
of all the rack. in that vehicle) and a next approach will be to compare and combine
schedule fbr 105-mr rounds installed in the the data to develop individual schedules for
*I tank's hall rack. A comparison of the the roof, deck, and bulkheads. The work will
overall acceleration values at the input to then be documented in a forthcoming
each rack located in the MI and M60A3 tanks methodology report and will be included in
•,vealed that the vibration environment in ITOP 1-2-601. In addition to the methodology
the M1 hill area was the most severe of all stu.ies which are concerned basically with
racks in both vehicles. These schedules are general types of installed equipment, test
documented in a formal report and are schedules have been developed on four test
included in ITOP 1-2-601. projects dealing with specialised items,

i.e., a driver's viewer mounted through the
The second methodology investigation that driver's hatch cover of the NI tank; a mine

was concerned with arvainition racks dealt dispensing system (VOLCANO) attached to the
with the N109A3 (155-mr) self-propelled bed of the M817 5-ton dump truck; the
howitzer. Data were taken at the inpats to applique armor components on the turret and
the projectile bustle and deck racks, and at bhll of an 960A3 tank; and the external
the propellant charge and ammunition round lights mounted foro and aft on the N113
stowage areas on the sponsons. Schedules Armored Personnel Carrier (APC) and the
were developed for each of the four N6OA3 tank (report in progress). Although
locations. Althou,ýh the deck rack was found these schedules will not be included in any
to have a more severe vibration environment general documentation such as ITOPe or
than the bustle rack, schedules for both Military Standards, they and the data used to
racks were developed because certain develop them have been or will be reported
155-mn projectiles do not fit in the deck and will be retained in the U.S. Army Combat

racks and are transported solely in the Systems Test Activity (USACSTA) data bank.
bustle.

Future Projects.
As pert of this same investigation and in

the interest of installed equipment other In the near fature, an vehicles oecome
than amanition, data were acquired at seven available, ammsnition and/or installed
locations in the turret and two locations in general equipment schedules will be developed
the hall of the M109A3 and five locations on for the Field Artillery Supply Vehicle
the N1iOA2 (8-inch) self-propelled howitzer. (FASV), the MIAI Abrams Tank, and the
The instrumented areas were chosen for items M2 Infantry Fighting Vehicle (Bradley).
currently mounted in the vehicle as well as
to provide a data base for future In addition, plans are being formalated
installations. The data from each location to compare and combine (where feasible) all
were analysed and coupared--with the result installel equipment data for both wheeled
that individual schedules were leveloped for vehicles and tracked vehicles in an effort to
the turret and for ýhe hill of the H109A3 and minimise the rumber of schedules.
for the trunnion, the gun mount, tho deck,
and the driver's compartment wall of the SUM!RY
M110A2. The relatively low variance of the
ovorall acceleration values for each of the Much progress has been made in ýhe area
seven locations in the M109A3 turret was the of developing laboratory vibration test
basis for combining the data and arriving at schedules that simualate the field environment
a single schedule that describes the overall of tactical vehicles since their introduction
turret environment. Nevertheles, the data into MIL-STD-810D a short three years ago.
at each location is still available in the Much work remains. As new sources of
data bank for any test tailoring transportat.ion vibration are developed, it is
applications. The study made on these two imperative that they be adequately
vehicles is described in a methodology report investigated and properly documented. This
and all the schedules are included in overall procear will ensure that the
ITOP 1-2-601. much-needed vibration data for *st tailoring
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A PROPUSE TECHIQUE FOR GROUND PACKAGED VEHICLE LOOSE CARGO VIBRATION SIMULATION

Vi.nIAN H. COERON, III
U.S. AMY COMBAT SYST' S TET ACTIVITY

ABERDEI PROVING GROUND, NARYLAID

This paer describes a laboratory test method used to simAlate
packaged items (wooden orates) being transported as loosely stored
cargo in military ground vehicles. A literature search was conducted
to attempt to determine the failure modes of materiel transported as
loose cargo and to determine the loose cargo transportation scenario.
It wan determined that Items transported as loosely stored cargo are
done so for a maximam distance of r50 miles in open top bed trucks,
32 milos in two-wheeled trailers or 16 miles in tracklaying cargo
carriers. Data were collected by mounting triauial accelerometers
at the base of a model hardware specimen which was then securely
mounted in a standard 105-ma amanition box upweighted to its standard
weight. Field data were collected by loading each toot vehicles used
(an N813 5-ton truck, and N101 5/4-ton two-wheeled trailer and an
1548 tracklaying vehicle) with similar amanition boxes one layer
deep and operating each vehicle over a variety of cross-country and
special surface courses. Laboratory data were collected using a
cormac•ially available package teeter as the excitation source.
Acceleration data on the instrumented test package were recorded
during 20 different modes of operation cn th& package tester. Teat
equivalence was determined by selecting one of the laboratory test
methods which supplied some acceleration amplification over the field
data to reduce test time, had similar time domain acceleration
amplitude distribution and had similar spectral energy distrihution.
The laboratory test condition of a plywood-covered bed operated in a
synchronoua node at 30 rpm was determined to beat meet the comparison
criteria. The acceleration amplification for this condition resulted
in a fatigae equivalent test time of 45-mimates.

1. BACKGROUND subjected to both vibration and loose cargo

testing as well an the type and amount of
Laboratory simulation of the transport restraint imposed on cargo during laboratory

environment for all types of military testing.
equipment has been conducted by the U.S. Army
Test and Evaluation Comnand (TECON) for a This paper describes a technique for
namber of years as an expeditious means of measuring the actual field environment for
determining if a given piece of equipment loose cargo transported in various military
will survive the real world environment. The ground vehicles and developing a procedure
laboratory test schedules, both vibration and for realistic laboratory simulation of this
loosely-stowed cargo, given in NIL-STD-810C environment.
and various TECOM toot documents were
developed in the early 1960's based on shook 2. LITERATURE SEARCH
and vibration data measured on vehicles
tested under controlled conditions of loading A formal literature search was conducted
and fixed-course oonl•gurations. Recent to attempt to determine the failure modes of
investigations have revealed that existing materiel transported as loose cargo and to
laboratory simalation tests are not determine the loose cargo transportation
descriptive of the real world cargo transport scenario.
environment and thus have posed a serious
question as to tne validity of the entire Definite information concerning failure
laboratory-simalated testing approach, mechanisms of test items transported as loose
including the amount of time materiel is cargo was nonexistent. The reports surveyed
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contained statements such ac "damage includes the top was left open to provi4e access.
fatigue and chafing" o- "failures of cargo Strain-gage type accelerometers were mounted
items were observed to occur in the form of in three axes at the top center of the
fatigue fracture more than wear" without any aluminum beam to which the beams were mounted
sub'4tantiating data. and in the left rear corner of the baseplatg.

In order to simulate a typical military cargo
In contra3t, the transportation scenario item, the MHS was securely mounted in the

was well documented. It was determined that middle of a ¶05-mm amiunition box (M467)
moat items transported as loosely stowed whiuh was then upeeighted to approximately
cargo are done so in a forward area between a 110 pounds to duplicate the weight of
corps staging area (CSA) and a front line standard ammnition boxes.
user (U), a maximum distance of 150 miles.
The vehicles utilized were identified as dump 3.2 INSTRUMENTATION
body and open top bed tiucks, the M548 track
layirg vehicle and two-wheeled trailers. In addition to the strain-gages and
Another source ftrther refined the scenario acceleeometers already described, three
as a cargo atorage area (CSA), forward supply strain-gage acceleromeý:ers were mounted
point (FSP) and user (U) with two-wheeled triaxially on the test vehicle frame near the
trailers being utilized from t'e i3P to, and location of the MHS or on the package tester
at, the U for a distance of 32 miles and the frame.
M548 being utilized at the user point for a
distance 16 miles. An on-board pyle& code modulation (PCM)

telemetry system was used as the data
Since no definitive data could be acquisition system. This system transmitted

located to determine the predominate failure data which was digitized at a rate of
mode of loosely stowed cargo, it was decided apprcximately 2000 samples per second per
that laboratory and field test equivalence channel to a remote data handling station
would be based on equivalent fatigue in a where the data were ultimately stored on
cargo specimen rather than abrasion or digital tape for later analysis.
chafing of the outer surface of the specimen.
Chafing was disregarded because the present 3.3 TEST CONDITIONS
loose cargo tests were based on an abrasion
study which was well documented and had The MRS was tested oL An electrodynamic
little chance for improvement (i.e., the shaker to determine the transfer ftanction of
technology of the time would be repeated each of the beams, on three different
today). In addition, cargo damage due to vehicles oer a variety of test courses to
chafing, except for critical items such as provide field data and on LAB Models 3000 and
unprotected rounds of ammunition, may affect 8000 package testers to provide laboratory
thr appearance of an item without affecting data. These phases are discussed in the
the mission performance, whereas fatigue following paragraphs.
failures in an item generally have a much
greater consequence. 3.3.1 Electrodynamic shaker.

A model hardware specimen (MHS) used in Because the beams were somewhat fragile,
a previous investigation was used as the it was decided to develop a procedure to
typical cargo specimen (the MHS is described compate the strain in any of the beams based
in more detail in pars 3.1). The approach on the acceleration input to the MRS. The
chosen was to equate laboratory and field basic MHS (without the ammunition box) was
fatigue of the MHS by measuring the fatigue rl idly banded to the table (head expander or
in each of the strain-gaged MHS beams and by slip table) of a model UD 4000 electrodynamic
measuring the triaxial acceleration of the shaker. The output of the shaker was
base of the MHS and developing test controlled by a digital vibration control
equivalency by existing laboratory schedule system in order to provide broadband random
d3velopment techniques (references 3 and 4). (5 to 500 Hz) motion at amplitudes of 0.25 g

rms, 0.5 g rms, 0.75 g rms (vertical only)
3. DATA ACQUISITION and 1.0 g rms. Data were recorded for each

run for approximately I minute. These tests
3.1 MOLEL HARDWARE SPECIMEN (MHS) were conducted in both the vertical and

longitudinal (along the beam axis)
The MHS consisted of 14 cantilever steel directions.

beams tuned to frequencies from 6.25 to 160
Hz and separated by one-third of an octave 3.3.2 Field data.
(the 40-Hz beam was missing). Each beam was
inst-umented with a model EA-06-250BF-350 Data runs were made with the MHS in its
strain-gage. The beams were mounted onto a anmmnition box loosely stowed in the most
2- by 3- by 12-in. aluminum beam which in rearward portion of the cargo area of an M813
turn was bolted to a 12 by 12 by 1/2 in. 5-ton truck, an M101 3/4-ton two-wheeled
aluminum baseplate. The four vertical sides trailer (pulled by the 5-ton truck) and an
of the MHS were covered with wood to provide M548 6-ton track laying cargo vehicle. Each
some protection for the instrumentation while vehicle was loaded with enough weighted (to
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110 lb) amainition b;. - to provide a load base of the MRS was considered to be the
one layer deep with approxi. 'ly a 2-in. gap input to the NHS (rather than the strain gage
between adjacent boxes. The mnmber of boxes Mount beam) for all transfer functions
used (including the MIS) were 20, 7, and 16 betwoen the MHS and the individual beams and
for the truck, trailer and track laying in later work in development of the test
vehicle, respectively, for loads of 2200, schedule.
770, and 1760 pounds which represented loads
of 22%, 51%, and 15%, respectively, of rated When vibrated in the vertical mode, each
capacity. The vehicles were operated on the of the beaus exhibited a large amplification
test courses at the speele listed in Table 1. (different for each beam), at its natural

frequency with no other modes apparent. The
The cross-country and special surface transfer flanction data were stored in files

courses were corAidered to be representative for later use.
of the terrain described in available cargo
scenario information as secondary road, When vibrated in the longitudiznal mode
trails, and oft-road; the paved road course (along the axis of the bears), the
typified primary road conditions. amplification of the response compared to the

input was small, indicating that the beams
Data were recorded for approximately I were relatively insensitive to purely

minute during operation at each speed on each longitudinal motion or the longitudinal
of the courses, vector of three-dimensional motion.

3.3.3 Package tester. Although the levels used for this
portion of the experiment were benign

LAB Model. 3000 and 8000 commercial compared to a field environment, several
package teeters were used for this portion of problems were encountered with the strain
the test. The package tester was capable of gages on the lower frequency- (maximum
synchronous motion with the driver shafts in displacement) beams which required
phase, which produced circular motion in a replacement of the strain gages.
vertical plane, synchronous motion with the
shafts 30* out of phase, which produced 4.3 FIELD DATA
elliptical motion and asynchronous motion
which produced circular motion with table After a few failures within 10C meters
tipping. Various test modes were selected to of operation in the M813 track over moderate
represent tests in current use. A list of terrain (local roads), it was apparent that
runa conducted and the applicable test the strain gages would not have a reasonable
specifications %re presented in Table 2. life during the conduct of the test. The

initial concept was to compute the response
The distances from the center of the of each beam from the input to the base of

package tester to the center of the MHS are the MHS using the transfer functions
listed in Table 3. Data were recorded for previously developed rather than repair each
approximately 1 minute for each test bean as required. This computed information
condition. was then to be analyzed by a fatigue life

estimation technique based on counting
4. TEST RESULTS magnitude and frequency of occurrence of

stress reversals as described in Reference
4.1 GENERAL 11. This would have proven to be a complex,

time consuming process, but could have been
Prior to farther processing of any of accomplished with the data acquired. After

the acquired data, all data were screened for some reflection, this technique was abandoned
validity by performing a check for in favor of using fatigue equivalence methods
stationarity using the same data reduction based on measures of acceleration as
parameters (data segments, block aisea) as described in References 3 and 4.
would be used for Pature data processing. Acceleration measurements made in three axes
This technique was also used to locate and at the base of the MHS were used for all
cull bad data from the overall data bank. fartker analyses and comparisons, although

all the original accelerometer channels and
4.2 ELECTRODYNAMIC SHAKER all remaining active strain gage channels

were recorded throughout the remainder of the
Transfer functions were initially test. The decision to abandon the strain

computed between the shaker table and the calculation technique was based on two
base of the NHS and between the shaker table primary concepts. First, the transfer
and t'.e top of' the s',rain &age mount fUnctions previously calculated had shown the
platform. The transfer function and MHS to be a one-dimensional device, thus
coherence function between the shaker table modeling fatigue in the beams would not
and the base of the MRS were easentially I account for the other axes. Second, the
from 5 to 500 Hs, while -he transfer function beams had proven to be unrealistically
between the shaker table and the strain gage fragile (i.e., no useful structure to be
mount platform exhibited some amplification subjected to a military environment would be
in the 350 Hz region. For this reason, the designed in this fashion), and to model this
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structure for comparison purposes might M813 truck -- with the same results.
distort results from those which wculd be However, unlike the data from the M813 truck,
obtained using more rugged structures. data from the trailer on cross-country 3 at

20 mph -roved to be the most severe and were
4.3.1 1813 3-ton truck. used in the analysis. This unexpected result

might be attributed to the amplified movement
The accelerometer data from the base of of the loose cargo -- induced by the rolling

the MHS were reduced in the form of PSDs for nature of the course terrain which causes
each data run. The critical speed for each vehicle pitching -- which is not present in
test course, i.e., the speed at which the secured cargo or in the basic vehicle
vertical rus acceleration was greatest, was structure. These data were overlayed, as
then identified. These speeds are listed in previously described, using the weighting
Table 4. factors, previously described, with an

additional weighting factor of 6 for
The data from cross-country course 3 cross-country 3 data (course length utilised

were not used in the analysis because the I mile). The resultant PSD (vertical only)
values were significantly lower than for the is presented in Figure 2.
other courses. Data from the other three
cokrses were uverlayed i' o a vibration Data recorded on test items sscured to a
schedule procedure for each axis using the two-wheeled trailer are generally more severe
techniques described in Reference 5. For than data recorded on items secured in other
this, analysis, the PSDe from each of the wheeled vehicles. In this case, primarily
courses were weighted by the exposure times because of data from the 2-inch washboard
likely to be encountered in actual field use. course, the vertical data from the loose
In computing the course exposure time, it was cargo on the M813 truck were higher than that
asased that the real-world terrain on the trailer. This, coupled with the
Crorresponding to the various test courses longer exposure time based on the real world
exi3ts in the ratio of the lengths of the scenario (para 2), led to the elimination of
test courses. While there is no evidence to M101 trailer data from farther analysis.
either support or refbte this assumption, the
assumption does not seem unreasonable when 4.3.3 M548 track laying vehicle.
considering real-world experience with the
types of terrain involved. (Expected travel Data from the paved road operation were
distance over terrain types corresponding to used to characterise the loose cargo
these test courses should be determined in a environment for the 1548. Because of the
flture study.) The course lengths, speeds, presence of speed-related periodica, the data
and exposure times are presented in Table 5. were segregated by speed rather than

overlayed. A typical vertical PSD is
This, the spaced bamp data were assigned displayed in Figure 3. After examining PSD&

a unity weighting factor while the 2-inch generated from the package tester, it was
washboard and Belgian block data were obvious that the package tester does not
assigned weighting factors of 3 and 4, simulate track laying vehicle transportation,
rdspectively. In the analysis procedure, and any farther attempts at comparisons were
this was accomplished by combining the spaced abandoned. Many cargo schedules from track
.ýump PSD with three PSDs (the same one) from laying vehicles already exist to provide
the 2-inch washboard and four PSDs from the fatigue data, and chafing type damage can be
Belgian block. The effect of the weighting accomplished using the M813 truck procedure.
process is to assign a value of 0.5 to the
Belgian block data, 0.375 to the 2-inch 4.4 PACKAGE TESTER
washboard data, and 0.125 to the spaced bamp
data rather than 0.333 for each of the The PSD for each axis for each of the
courses. The effect on the 1813 d-ta was different configurations tested became the
minimal because the Belgian block and spaced test schedule for that condition (i.e., no
bump data were similar in value and because overlays were performed). Based on visual
the weighting factor for the 2-inch washboard observations and the need for readjustment of
data, which was considerably higher than the the signal conditioning packages to prevent
other data, was only slightly different than clipping, it was determined that operation in
the evenly weighted value. The resultant PSD the asynchronous mode was such more severe
(vertical only) from the 1813 is presented in than in any of the synchronous modes. It was
Figure 1. The overall weighted average also determined that operation on a
course speed was 18.6 mph. It was determined steel-covered bed was less severe than
that 65% of the 150 mile test scenario, or 98 operation on a plywood-covered bed (also
miles, was over terrain similar to that used previously reported in a previous study).
to acquire data -- which equates to a
real-world exposure time of 5.27 hopirs. 5. TEST EQUIVALENCE DETERMINATION

4.3.2 M101 trailer. Vhen the schedules for the M(813 were
first developed using the procedures

Critical speeds for the test courses discussed in reference 5, it was determined
wore chosen using the same technique as the that the schedule for the truck was higher
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than that for operation on the package The data from the variovu laboratory
tester--which seemed unreasonable based on test conditions were then analyzed to select
visual observations and examination of rum a condition which provided some acceleration
acceleration levels. The comparison which amplification over the field data (to provide
had yielded that determination had been made test it~a compression) without vaplil'ing the
by compu4ing a psuedo transfer function (app data by more than a factor of 2 (a general
A) between the truck data and the package rule of ter. level exaggeration) and which
tester data. exhibited minimum scatter in the transfer

thnction as a function of frequency. Another
The transfer function data between the criterion wis that the spectral distribution

9313 truck and the laboratory package tester of energ bi similar for the laboratory and
were then recomputed using average spectra field data. The appropriate spectral
rather than average plus one standard densities (PSDa) ware cumulatively integrated
deviation spectra as is the normal prcoess in in 50-Hs increments from 0 to 500 Hs, and the
laboratory vibration schedule development. percent of the total rus level of the sigual
The effect was to produce reasonable (based on 100% at 500 Hs) was calculated.
correlation between laboratory and field The test condition of a plywood-covered bed
data. The normal technique is done to build operated in the synchronous node at 300 rpm
conservation i.nto a closely controlled test. was chosen as the condition which best fit
This investigat:'on was faced with the unique the above criteria (vertical only shown in
problem of eo anting two uncontrolled figure 5-6). The values of the computed
situations (laboratory and field) rather than transfer ý.inctions in each of the three axes
tailoring a cloeed-loop system to duplicate a (from the same test, i.e., simultaneously)
set of previously P-.osursd events. This are listed in Table 7.
situation arises due to the very nature of
the tranmportation sode being examined. The two primary axes of vibration,
Since the notion of the items are largely vertical and longitudinal, have essentially
unconstrained (except for the establishment identical average transfer function values
of outer boundaries of travel), it is which means that, on the average (for all
impossible to form a clomed-loop control frequencies from 2 to 500 Ha), the package
system such as exists with an item rigidly tester amplifies the field data the sam
mounted to an electrodynamic shaker which is amount in these two axes simaltaneously. The
contiumously controlled by some form (analog transverse axis has a transfer function
or digital) of a feedback system. It was reasonably close to the other two axes. By
decided to make the laboratory and field using the average value of the transfer
comparisons on averaged spectral data to funotion for use in test time compression,
reduce the effects of data scatter which were the result is a slightly longer test than is
more predominant in the field environment necessary in the vertical and longitudinal
than the laboratory environment (figure 4). axes and a slightly shorter test than is
Tn addition to the field data run shown, data necessary in the transverse axis.
from runs on two other courses were blended
with thL run shown, farther inoreasl.ng the Based on information acquired from the
scatter of data. literature search, the test scenario to be

simalated is 150 miles of transportation --

As an aid to choosing a reasonable of which 65%, or 98 miles is over terrain
laboratory test, the psuedo transfer represented by the Nunson test courses
functions between the field data (input) and utilised. At an average speed of 18.6 mph,
the laboratory data (response) were averaged the "real world" exposure time is 5.27 hours.
over equivalent frequency bands (Table 6). Using an average transfer fanotion value of
The average and standard deviation of the 1.3, 2 the average ratio of PSD levels is
equivalent average values were then computed (1.3) or 1.69 (see app A).
to determine the average magnitude and the
scatter of the transfer function.
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Using the accepted equation rr test time The proposed test technique is compared
compression, to existing test procedures in Table 8. Note

that the proposed procedure does not
represent a radical departure from existing

W 21 T, procedures and, in terms of severity, is
- Tbounded by the existing procedures.

6. LOOSE CARGO VIBRATION SCHEDULES

Where Because the purpose of this investigation

1 was to produce laboratory vibration
W1- PSD Amplitude schedules, these were developed for each of
T2 - Laboratory FSD Amplitude the threo axes for the 5-ton truck and the
T2 - Field Time - 5.27 hours two-wheeled trailer using the standard

2 - Laboratory Time - Unknown procedures (overlays of the average plus one

B . 9 standard deviation spectra) detailed in
V - 2.4 reference 5. The test times were scaled with

T an exaggeration factor derived from the
the value of 2 - 0.737 hours - 45 miantes of previous equation to produce a reasonable
laboratory test time. A test condition of a test time. The values used are tabulated in
plywood-covered bed (as described in Table 9.
reference 6) operated in a synchronous mode
at 300 rpm for 45 minutes should give a The resultant schedules are presented
reasonable approximation of items being graphically (vertical only shown) in Figures
transported in a 5-ton truck for 150 miles. 9 and 10. hote that the schedules are based

on notion of the cargo specimen, not the
To verify that the selected tust did not vehicle frame or bed.

overly stress the test item (i.e., have peak
data greatly in excess of that experienced in It would be difficult, if not
the field even though the average data did impossible, to control an electrodynamic
not do so), time domain amplitude data were shaker using a control source not directly
plotted using a "box plot" technique to show connected to the shaker. It would be
the amplitude distributions of the data. The possible to run the teat by rigidly mounting
results, shown (vertical only) in figure 7. the test specimen to the shaker table and
indicate that the data distributions for running the schedule like any other test
field and laboratory dnta for each of the schedule. There are two major problems with
axes are reasonably similar. this approach which disqualify its use.

First, the amplitude distribution of the
Vertical acceleration amplitude laboratory test data would most likely not

distributions for the package tester methods duplicate the field distribution of the data
at 300 rpm were plotted along with the and would definitely not duplicate the
wheeled Nehicle distribution (figure 8) using distribution if a 3-siega clipping control
the box plot technique to compare the scheme were invoked. Secondly, while test
amplitude distribution of the various item fatigue would theoretically be
methods. As can be seen from this figure, duplicated, the other affects of loose cargo
the plywood bed, sync mode beat approximates transportation (chafing, impact damage) wcould
the wheeled vehicle data, while operation on not be duplicated.
a steel bed would impose a slight undertest
and asynchronous operation would impose a Even though the loose cargo environment
severe ovirtest or. the item. and the associated test schedules are severe,

there are existing laboratory schedules that
Since the notion of the test item is are equally or more severe. Comparisons of

unconstrained (except to establish outer the loose cargo schedules for each vehicle
boundaries), the loose cargo test should be and each axis with an appvopriate existing
considered an inexact, uncontrolled test test schedule (reference 6) are shown
designed to uncover exterior problems graphically (vertical only) in Figures 11 and
(chafing, denting, etc.) in items transported 12. Note that in some cases the loose cargo
in this manner and should not be used to test schedule has beon altered from the
determine transportation fatigue life on previously presented schedule by use of a
items. Wall-controlled tests which are different exaggeration factor to match the
generally more severe (reference 1 and 6) standard schedule test time (reference 11 ).
have bee- e.tablished to accomplish this. It The comparisons are also summarized in Table
should be stressed that the equivalence 10.
developed was for a certain siue and mass of
loosely stored cargo. Other forms of cargo, Although the loose cargo schedules
such as loose rounds of ammanition may behave exceeded the existing schedules in severity
differently, but, because of the intended use at some frequencies, particularly in the
of this test, it is considered adequate to range of 10 ", 75 Ha, the overall severity
cover all cargo configurations. (as measured by ihe rms value) of each of the
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selected existing elhedules was more severe transport of unpackaged item such an loose
than that of the corresponding loose cargo rounds of mamunition will alsa be studied.
schedule. This indicates that rigidly
securing a specimen to a shaker and then
running tie loose cargo echei'ue would serve
no purpose. This point is farther
strengthened when it is considered that the
conservatism built into the loose cargo
schedule by addition of the spectral standard
deviation of the data is higher than that for
secured cargo because of the presence of
shocks in the data which increase the
deviation.

Because of the increased computational
effort involved in developing a s8hedule for
track laying vehicles, a test schedule was
not developed for the X548. The rua
accAleration values of average plus one lIlRENCE
standard deviation spectre were combined over
the speed ranges used in compilation of the 1. NIL-STD-810D, livironmental Test Nethods
existing N548 schedules (reference 11) and and Engineering Guidelines,
were exaggerated to simulate the existing 19 July 1983.
test time. The results are tabulated in
Table 11. 2. Bendat, Julius S., and Piereol, Allan G.

Random Data: Analysia and Nesmaremeut
Although the package tester does not Procedures, Vilvy-Interecienne, 1971.

duplicate the track laying vehicle
environment, the fatigue characteristic. are 3. Curtis, Allen J., Tinling, Nickolas G.,
exceeded by existing schedules, and the and Abstein, Henry T. Jr., Selection and
abrasion and impact damage can be addressed Performance of Vibration Teats. Shook
by running the teat derived in paragraph 5. and Vibration Information Center, 8W-8,

1971.•

7. CONCLUSIONS

4. Harris, Cyril N. and Credo, Charles 3.,
It is concluded that. Shook and Vibration Handbook, Second

Rdition: McGraw-Hill, 1976.
a. Operation on a package tester with a

plywood-covered bed (as described in 5. Connon, William H. III, Automated
reference 6) at 300 rpm for 45 minute. Vibration Schedule Development for
provides a reasonable simalation of the loase Wheeled and Tracked Vehicles at Aberdeen
cargo transportation environment (all three Proving Ground, Institute of
axes simultaneously) of amnition boxes in a Environmental Sciences,
wheeled vehicle or tvo-wheeled trailer. 1983 Proceedings.

b. The loosely stowed cargo test 6. TDCOK ITOP 1-2-601, Laboratory Vibration
conducted on a ;.ckage tester is an inexact, Schedules, 11 March 1985.
uncontrolled test which should be conducted
to determine external damage to the test item 7. Defense Standard 07-55, Environmental
and should not be used as a subetitute for a Testing of Service Materiel, Ninistry of
well-controlled laboratory secured-cargo test Defense, London, 10 February 1975.
such as defined in references I and 6.

3. L.A.B. Corporation, Institute Nanual for
c. Operation on a package tester with a L.A.B. Vibration Transportation

steel-covered bed in a synchronous mode is an Simalators, July 1968.
undertest, and operation with a
plywood-covered bed in an asynchronous mode 9. Strayer, R. N. Vibrations in Road
is an overtest. Vehicles.

d. The package tester does not simalate 10. NIL-STD-810C, Environmental Test
the track laying environment. Nethods, 10 March 1975.

8. FUTURE EFFORTS 11. Soci, Darrell F., Fatigae Life
Estimation Techniques, Technical Repc

Future work of a limited nature will be Report 145, Eleoctro General Corp,
conducted to determine the effort of location Minnetonka, NY, 1981.
and orientation of the test item on the
package tester and the effects of various 12. TEWON TOP 4-2-602, Rough Handling Tests,
types of retainer fences. Loose cargo I April 1979.
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APPLPDIZ A
COMPUTATION Of A PSUEVO TIAMSFYI F0NCTIOR

It is obvious that a true transfer function can only be calculated from

events which are recorded simultaneously. *ovsver, for this investigation, it

was necoweary to compare separate events (non-simultaneous) as a function of

frequency. A description of the technique follows.

Let Gxx - input poaer spactrum

G y response power spectrum

a cross power speotrum

TIra - tiansfer function computed by *CSTA Nethoct"

TFc - transfer function computed by classical metbod

CSTA Method Classical Method

aTy Cuity

Coherence funct on

2
K, Gxx Cyis

2
for a "perfect" ransfer function I - I thus Gay Gat P'yy

Compute the squares of the above function

2
c Gpz" G- £hZXIZ .

Thus TF& a Tic 2  th~s comput ing the square of
the transfer function

Therefore compute now TF - (TF 1/2

TF& 1 . TF/

assume that coherence function is Some value lesr than I - x

VxG " y CxymI (Gxx Gyy)
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Cax

FF2

27 .G !2 Cyra
U.zz. U.CLCJ Gui

ratio TIP

Value of Ratio of CSTA function

Coherence Vunctiovs to classical function

0.9 1.05

0.8 1.12

0.7 1.20

0.6 1.41

0.3 I,,61

0.4 1 .18

0.3 1.83

0.2 2.24

0.1 3.15
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TAILS 1. TWIT COURSES AID SPEODS

-ta___l___ Course A R.and -=0

NB13 5-ton truck Selgian block 20, 23
and MI01 trailer $paced bump i5, 20

2-inch washbcoard 6, 10
Cross-country 3 10, 15, 20

N541 Cross-country 3 10, 15, 20
Paved road a to 3u in,

2 mph
increments

TAILE 2. F'CKACE TESTER VOOKS

Speed, Phase. go. Package Applicable
Mods EL .e led •L Pirgtio•aa

Synchronous 284 0 Plywood I Longitudinal KMiL-TO-S10C
Synchronous 284 0 y:vood 1 Transverse NIL-STO-810C
Synchronous 300 0 Plywood I Longitudinal KXL-4TO-8100
slnbcronots 300 0 Plywood I Transverse NXL-STO-4100
Synchronous 284 30 Plywood 1 Longitudinal lone
Synchronous 264 30 Plywood I Transverse lone
Synchronous 300 30 Plywood I Longitudinal lone
Synchronous 300 30 Plywood I Transverse lone
Asynchronous 264 Random Plywood I Longitudinal D/-1TA1107-3S
Asynchronous 264 landao Plywood I Transverse DEI-STAN07-55
Asynchronous 300 Random Flywood I Louaitudinal lone
Asynchronous 300 Random Plywood I Transverse lone
synchronous 284 0 Steel I LongituJioAl lone
Synchronous 284 0 steel I Transverse lone
Synchronous 300 0 Steel I Longitudinal TOt-4-2-602
Synchronous 300 0 steel I Transverse TOP-4-2-602
Synchronous 2M 0 steel 2 Longitudinal lone
SynchTunouu 284 0 steel 2 Transverse lone
Synchronous !00 0 steel 2 Longitudinal TOP-4-2-602.

NIL-8TO-SI C0
Synchronous 300 0 Steel 2 Transverse TOP-4-2-602,

NIL-STD-S10D
aThe direction refers to the direction of the iustrumented beams which were
perpendicular to the long axis of the ammunition box.
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TAILS 3 . OVF-ClPTKE DIITANICS

VocA Longitudinal 33 1/2
good Traneverse 16 1/2
Itee! Longitudinal 14 1/2
steel Transverse 31 1/2

TAILS 4. CRITICAL IPEEDS FrOt 1813

lelgian block 25
Ipeaed bump 20
2-inch uaebboard I

TAILS S. C2OSOIR ATA

IeLgiaa block 39 25 1.791 4
2-inch weabboard 120 0 .147 3
Ipaced bmp 764 20 0.434 1

Average weighted 18.6
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TAILS 6. TtAlIFlt FUNCTION IUTICIATZ1 NAUM

I Ito 1O 6
2 to 50 26
3 to tI00 75

100t to 1S0 125
5 10 t 200 175

200 toISO 2235
7 250 to 300 275

$ 300 to 350 325
* 350 to 400 375

10 400 to 450 425
11 450 to 500 475

TAILE 7. AVUACE VALVI OF 1AUSUFEZ FUNCTIONS.- VOO0
TAILS SYNC MCI 300 RPME SPlCTtAULUZ.D

YIICLI 8PSCT•A

coviatlou
hELL.. JJu Jym Aw.pa.. !

wert 1.40 * 7.7
Tramia 1.09 -16.1
Loug 1.41 8 6.5

Areczae 1.30

TAILE B. CMMrAEIO OF TIST PtOCEDOSES

.AKMUX-- -a" -- NL-. m2 ft-LL A-

TOP 4-2402 gym steel 300 Any number 0.5
UIL-STD-llOC gpey fly.d 234 1 3
muL-SID-103 O ye s teel 300 Several 0.5
N-n-BIS100 gym. & Lood 300 1 3
off eTAm Aave Ptyyw-d 265 1 or Nor' Is 0.25, .063
07-55
Proposed gym Plywood 300 1 0.75
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TAILS 9. EXAGGCATION FACTOtS

Real World
Exposure Time, Test ?Lo., ualgteratiom

N813 truck 5.27 2 1.295

N1OI trailer 1.31 1.31 1.OCO

TAILS 10. TEST SCOeDOLS CONPARISON

Standard Loose Cargo Test Time zahtgeratLom
Schedule Real Timso, Standard Factor

Wishie -Au"i re 11)*LW hri hr~ U~Lana art

81t3 truck Tort Tvo-vheeled 5.27 1.6 1.374
trailer,
vertical

Trans Camp wheeled 5.Y7 2 1.295
vehicle,
transverse

Long. Two-wheoled 5.27 1.6 1.374
trailer.
longitudinal

1101 Yort Tvo-wbeeled 1.31 1.6 a. 0
trailer trailer.

vertical
Trans Camp wheeled 1.31 2

vehicle,
transverse

Long. Two-wheeled 1.31 1.6 a 1 .0
trailer.
longitudinal

V'i2te that the existing test time (standard) Is longer than the loose cargo

real time. An exaggeration factor of 0.948 could have boeo used but was un-
necessary since the existing schedules were more than the loose cargo
schedules.
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UlLE 11 $. 48 TSUT 8CUIOULS CONPARISON

1al test
Test Time. Timn Exaggeratioa Loose Cargo Test

Asia JIMAL _LL.. ..aL& faco&nz. -- A JML

vertical "01 0.9 12 0.387 0.43 1.50
1902 0.6 12 0.367 0.50 1.27
"S0• 0.96 12 0.367 0.54 2.36
V04 0.96 12 0.387 0.71 2.52
"05 0.96 12 0.387 0.67 5.03

Transverse 201 0.96 12 0.367 0.26 1.04
%02 0.96 12 0.387 0.37 1.0l
103 0.96 12 0.387 0.55 1.76
204 0.96 12 0.367 0.58 2.20
To5 0.96 12 0.387 0.63 2.50

Longitudinal /.1 0.96 12 0.387 0.25 1.19
L02 0.96 12 0.387 0.37 0.78
L03 0.96 12 0.367 .0.45 1.77
L04 0M6 12 0.387 0.59 1.99
LOS 0.96 12 0.387 0.57 2.45

&The exaggeration factor sheem is the square root of the calculated v~lue to
account for operating em the mae value than the PSO value.
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PCR CAW3D CH CB 7RAMM AUcPA2T*

Thomas J. Dam
Jems V. Doggett

CI&as A. Dwidson

bSUMia e~ial laboratories
AUXPM M, INV MaZoo

Th dfinition tt dioak an u~tiaon saviramntin on the floor of
cargo aircraft i~i of pri interest to designes of hazdmie Wick
oant be trenpor *a on thaem plans and helLiopters. 7sE D
U-1yommetal Dotg a ac at SuJia National Laboratories mintansm~ an

ts1. MM oollectLon of eavircummtal deinitions for airoraft. Thi z;
dsrwsonbs Us pronew involved in acquir~mg odana l~yzlag shoak
izavitatin dtAan hecargo floor of a CM turbojet aixrmuft for

'I II n a-t - - intc, the DX/DM Ravizwntwal its ank*. The dual
obetie oftl. m oso h rcdr by *tid the
exiting defnititm of shok and vibtion eayircuets on f±~d wing
sixoratt. Spwo1aL empbui3 in pl ace n Iw- ato
consdeations %t±ck help ensur dafta integrity. Teuse of both
piemosecaotil.o avi I'm "mdatiute aooalex-ek wo at each monitor
l ocation, for .r~ple. refloots the requixemet to select the proper
I ,r I, to rAmmur elhit the sock or reaeda vibrtion ents of
interest. Oorpxterium1 date we3ysie teabiiqus are described mbich
gmetly a &Aite Ithe analysis of voluminous amouts of shook erA

si'tion esta stored on a oampter data heaq system. Inolixled in
tes anayhses are .ltoo-speotral density estimates, shook response
speotra. an a relatively ne shock aroei atin ca~lAs the abock
inbt spot~m=. no resulting envirometal definitiaca for cargo
trwpwpor on the COB aircraft vas significant kacacs it reveled

zefe in Wobc the COB dwk and vibrtion SAwirrmetS
lees-e on other military tranport airoraft. v

t..*-iqns utilized In this analysis will be of great value to orther
u91nw responible for quManti1in aboc and vibration evvrovinte

on Carg =eioa Of all typhs.

1 r 7TT- damage. - h definition of shock end vibration
environets is also used to Wiefz 4ynsamio

D~fldti OfallirtN~tLL 0Md coditone test inmpi to the cargo stracture . Rwpcos
bw aitio oflege a~iintu responsil foricm EinarOqIntS me on, or vitbir~, the structure
dee loping Illsingemitn xu~gimes (Aspi type forrve to verify that the struc~ture' s dynamict

of mwz~tofgret ~otialw~oon ompftlty will not be ~exos in the
offwmi fit. u O e wwm oera nvironment. This paper desoribsecomom rsuls f th mbok ad vbraionthe poss of defining shook and vibvati~zsm.tekian Impurted to cargo on milltary envronet %tc is critical. to as1~ate

',t 0Iola~se. - antifiction of these deig an menngu dysm t..ting of
nfsotfirst ke used IV analysts to tutrs AdeoiinofU Marmnt

emuMO as tffots of IaUsm inut to a srts.Awd sopin of thedo vibation
aialyslo, w~ inerasato of carrie as oatio

of ~ ~ ~ ~ ~ i the Wllm t ~ ~ cnm of the stuy of shook and vibration
Vmoseits the dVa',elat of a smobsicml ecrrcments on the oawgo key flowr of thesISO~MUinm bm to Proto the cargom turboje~t alioreft.

SI woft Weis pufmmd at MOUa Nittioml LWwoatories and supported by

the U. S. Departmet of Enrg I Cotre& Numbher i2-A&X)4--7eEO78.
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mmvWCO00 iftu "WVl t1 d yulola In aanrSad
dolpf eolmmx a c s1Iipstcg i-dt -mwt o

20 tZewpow anyzaion~t Is OMYme at MW 0 WHIT0 POINT

&ft. So d" bmis aIaftSa in ft*

.9 ). Nmimed d" fti WA ~slonlit mod
3t~a M JAvI OMMti mO COEU=MU N4
su~UMd ~ to the D" Bw. A

sdwtint=a -m-Iat dwf wd vln*k d
inminad ofte Ohi ~stof ýi "-), LUXb

ubd z wsdin the D" au. Siwa no Nw oAY NAT

frthe ft au an tbm Cos vabojet
i2=5port Su i W e t ho W S eofft with vlpxe a. last.asatstLOn Looations on C93 AiWoraft.

goi c0 (?Iguz 1). mmf~e kV DWV-
Ablzmft WqpW, Is a VMW =W D4 h~t

puminws or amaW. Twoofis~
IV two Pzift nd MUMI A- ODOSM. aw
Ot hi lob Ispbl at SumftV 14,.80 poms

of tbi't.o MV thu "U9 IMde

in go t oe n~ OM npii#dw it
an t±b hiLU md io12 avmaqu W1* we

at to vft* Ulan swusta fittI4U
umI dhat seaued to asu do* t~ aft thLUs

Figure 1

C9B Transport Aircraft
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7Wr PRM40 i both doo and Vibntlo data VMS
dedzd two dtffftnb typuu of a0c0SWOeMO-

cue.iti plworg of the COB £...Lt tint mu vind to =be th 3190NUOU . VIbst~on
memuamat wA unutke ky a~hvW~g the W UNOve Vd pLmOW9o8t±o (PE)

fOUaiz4 to".o: ~O8I I --. PIAOISIeti± (PR) g.49 VW

1. WIMM mea nvot of random 'yibgst dafta in tUs
2. -UF1OVT=ftq~aumw zuqs Ot iKWt. 10-00 23. The
3. DA I 12121 mem~tivity of a PS "~ to floquinx oomtet

4. 13 iT LOblow 2 hB Is e nteg= for ZCSUI data
5. 7W T Bup~t~al inVyuis I ITIC OCOP 9tu Of 0,

%vW= sig~s3as - U12y zomi. Ma P
84.gnif lowt dsta;13A of tbims mskb3efth we pgms zeupsd to f=VIu~as ftma 0 Be to 750 Rz,
pmewtd 132 the fOfLOM dtlaveM. so an ZJKLSX4 to #j~GfVI

tim 1mW frnqUSM ocrz1t1emOt the 11i4 Nhock.
(OMUVB: 7he c*bjWeow of the f1W~ testA
vu to vef aaodmstim vesseenta on Us U aMW thin PS gua~gw ve mbed a~t the

MVg nmo of tim CO d&nli tm., tu~ifm 3. and back oargo be looat'm (weS 14UZ
034~ . Ouln, Od I AI41. owe the data -v 2). MW were? ofItenW in the

Calobedt, tim dafta woul be ina1pd to deft= VO 0 to tbim&T fusseg),

00atM tTW On te (M. m tzms a tbo t-bm aza of
tbe, fummiags) amu of tag alzoiaft.

q II f N:Plg 3don sdne~l Tamivs -. m xoted m thin ta of
diap of he smeaemmtop .Mwwldp b~ma %Wxft veme attegiwl with doxtal

that e0 ]ft. 115 V ACpo US avatalhie cm the It at tim xmitw 320=t on the oug~o bey
ai1zmuft s11oim tUs uselotion of a
OMM&IOMI1 14 ftn* PH imtivmat
inWtUo taps rWeo fm~ data atmg4.

RZCZTATInN

ACCELhAOM3TEA 
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PC AMI;XVNR P MAGNETIC TAPE

&AX Do%14 TRACK RECOREDR

TYPICL PIINTERMEDIATE 
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IIGAGIIPC SIAA MONMO a

Fiue3Lesrmn ytmShmtcDarm
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floor. &ridga SWltation for the 14. T~OWWR, nose gear down
piezoresistivs elements andi pomw for t~heir le. Iawdin - 600006 ZW6 thrust
oomplimentary amplifiers wee supplied from a 18. Post-Ik~ig P4U.-,out
28 V WOWl-cedium battery bank poosgd in a6 17. Quiet Time

meWamWj aso onaindVCamplifi~er T= i~~n=: Arrangents were moe for theand the nIQ generetor/reader. M
piezoeleotrio aigd" oooitijor wer us. Nay7 to provide the arw adthe CM
oorvertiowml charge amplifiers with low aircxmf t. All of tbe -t- imnitation was
jaPsda. nonlusd voltaep oupptpms. sipped to tUS test Site. Appi! duteWY 1500
Retimnt~eB Of chne bmisdge ffS+tJtAn WN kg of ballast was prepared for I illetized

mae on tie basis of alogt tests on other lcdi4 o tbe airoraft dur-ing e tet.
airoraft . Mm entire neeammuant OSwtex was
'Ac out prior to the fligbt by awg

aoolerwte mesuremets of r~wn inPsts to
an eleotro-dynamdo 7haer E IZSC3WTfl

nTA nufl': Acbiving data integrity M1 CM aixrafat ya1Ioad with -1500 kg of
entails praotioing vorm~a proftoieno In ballast bicid was divIded between four standard
setting up s. measurment system. and also plywood pafllts an dhaine in plane. MI taps
repAires mold a6 OMoICnIcMU s effort to reomder, instruments, sad sJignal cab es
eOOgniue nois sourCeSS in the ssureSM8nt stapdor taped seouga to the floor of the

system. in an effort to sooompi~sh this nois iroaf A0 aomeleiters vwer mounted at mid!
CbWarst4rI~ation, two Steps PERe talk. First, Caboq the lI n3g gear) and aft cargo bay
a noise ge VMS IN iAbAM in the locati , adjaomnt to the bass of the Cargo
I~natrimetetinr System. (W nois "~ bag a (ue Figures2). Ail ctisnnals and instruments
desensitized pimeoleotriaozrstal so it doensO Is inenot dL O alibrabsi before
no7t trausaws~ aocieleratior. but a.rienos the pacm nd dowhit to the site of fligt

-am souoes of eleotrical noise an the actiw operation. and aalibnati=e were again verifiei
Ps sooermgters.) in onotba effort to just prijor to fligh takoff. Just prior to a
desoribe the nois soces on the active flight event ge, the crew announoed the
ensroslerter obazmls in the meaurement upooWiz dbaing go the instruments 3oSuld be
system, the Output Of the ammlrmtr s uIMIa ows ndsreay an the 33IG reading noted. To
reouzded wiln te Panrs was powered down and presrv tape ti, the even uas reoordsd oray
sftatiora. Wes set of uesrmnsws useful lon anough to insre time for ocuplete data
in verifying that the signal recorded during analysis. rata dmns were moitored daring
li~ght ac stually the result of the shook the recording using a portable ouolfloSOCIPe-

and vibration eavirommts gwarted OU the
=Vrg floor of the 00aircraft. '9bepartable Data wer reocnded during three fligbts of the

p3laytA oapab±lity uas isvolaesd to allow CM airoraft as inniogead in wndetail in
idiate post-fligh review of data to empre T~'bh1 1. 93ick-lock dfta wu reiwaaIS after
adequate signal strenth and no Olpping of ;Nji flrat flight to verif that the data
output si gnal. If the data were not foun to zq.Aý.ýdig system uas working propstly. 7h
be satisfactory,. the . .Ight test could be sex L-A third fligbts weepimrl
repeated. Th MIG time generator uas an L-tAI to giVO dafta on th iAiig Bhock.
important coneieration sEdo it afloed Iarr2ition from the seond to the thilrd fih
aoourate recording of even time vwhic wouldi O~G~~~~d or l.31i and tlw takeoff withLcIt
be anee to analyze and interpret the data. ocuing to a stop. 7h9 bwa s60MiOD Of sumc

and Abmtion seemed no different than that
FLMQr FWM: A flight test Plan us d6w-1Oped 1 p arnnedi on a normi c010=0al P08suener

to mebe sure tha~t the flight irAOliAWe th9Sae fl±wa".

forlwn data pointsfoto porose duringd posth

3.Takeoff - prior- to lift-Off
4Ca Iu - gear down, flaps down
5.Climb - gear up. flaps down

6.Cib- gear up, flaps up
7. Cal - turbLUMsOS (if aNy)
.ca im; - to Orasie altit1w.i

10. Desoent - telffeting. spoilers down
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gstimtes (74fuiuws 7) vm mad for am&
Ouiniy Of Dsta 1Asocadrd Dain ±w oaa,'i~ lpU ooslarmter &wI eac

FlighPt Event. iibmticm fligt amt 00M in TWOl 1, An
iniaotion Of thme n"Uw mvuwity at thss
eents in givo in TW 2 Am a ovell

.qt-mn-wmn acomslmiAti (gzm) waLin we~
PUM NaU listal for the vartioalais scM y -tim, at

0YX 1 #2 03 svamsl 1idiately aftar Isioug an the
__ __ _ - -tkbsoff rumprior to 3±ftoff daumbe. go
113WBFMback bir mooltor poit inpwianow alptly3

TAXI~1 M) IND Miimi -;,p-cms WA thin tho add U
rawvr [I]* icoation. AUl of the h80 esbiuotesm pls ~sacd

__________ - - -in a ocogubemiued GWAFA &*ta basns (3mftranos
F=u PC= no M) ND 8). AmIpzatlon of the d&wasa 'Sm ftd vith

1aP 12] GWAFAM. RL-lopme of tim AB setiutini me
_____.,Id -W - d~ivi=i4 the vJbmbim emyizimntim

TAIMM IM ftto two usPLTai tb aAgoiia, we for cuizs
rf T m ND 12U andratM9 for tbe X1st of tUm

LW1MP (3]

CFA= 19-1 MES NO ED

(80,000 IT) _ _

(10-131 TAM_2

LAN= YES Y YS Y Of ME Of Paw=~c Vibition
.C ( 14] Nbeur da Ml~r4 Flight Eymte.

DOL (15] Gm

YCMJ LAN= ED ED m rim DMX MY M) My
MU [is] VNXICA VAR7L
CCMV TM2 (171 UW -P

no E mTAM MQ 0.10 0.083

Rakesr in ktzsoto I1 is data point 121Joi 0.040 0.063

PRM O0.28 0.19
LMIVF (31 1

0.Th (4-81 0.13 0.097

Cwin (91 0.056 0.054
(30,000 PT)

EOM0.17 0.17
O- CM fMot das Iwe auulze by first C1-3
avomtiz4 amso~ell h reoozft of tim ~mlog
daoa tqis. Since VM ties vw disp1lypi am the 0.6 O4 0-22
strip daits, &Ul of the flight events Moild ES93tL (is]
hban tbad start an stop tms Idectiflel
pmUsos3y. IMa data, pariods of lzittaest isre POWIMMI 0.12 0.084
tbm digtiued in yrepuatlou for awauysis. Da~m WZ(8
It was at this point that loss cc tag m~iss
dosl (dus to aninterttact okibe q= T33M 17] 0.oia O-Cfi
ooommoticu) wa noted an a deoliomo vas mae (AMKPAI
to rely oa the quiet tses data foz' an WIN ~)
iUiMiCMa of the nois bomalli of the__
I Il I mAt Syutma. Overal, emsfelect data *N~bi in ketds I(I is data point

robni usm ctamed from the flight test. 643im
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sayirommts %tich will be 063 ad T/C/L Woaryo teg I~W of' th CUB dat it
Crdlof/cf WLu) Ths c~auselfiatim rimWtL b a 10V~l f 69UtW~of the doft 61a nolwnsylam with d~itizm ai tw fls s Mm

e.Izcuw-&; vwjor ibmuia tert loWgw SMeansa pawtiomlz1y in the aui~se
iNPe~fiOsIMS. it its a logiomi a:diy mc of reft V~U 14190f12 in thetVbWO thethe emframets hemU the WmUIue emyixmklt ow arstw ut w~SNI ftW anUb111d Yaiai of tUna, *dI2e
the Othe 1 --ixt- w~e 30 mboter In

anunad lcug absoom air t~t.
Figuie. 4 dm a smle of we met of
umqp -1i var mad 1ýo th W MI Figure 5. Comparison of Vertical Axisewyzoommt at turn bf cawgo b"lomm Aircraft Takeoff/Climb/
Ws plo in i~at of t h 1 bl w fsim± Landing Test Specification
Janis exeromnda aut±IM T~d in aopr and C9B Vertical Axis Random
to cru~m .Thl plo Wa Inldmmuevl Vibration Envelope.
&f the quIst peidW 'Ao the ainwaft in
pauind dzm an statimary. Softe that the TEST WMEC EMS - 3.63
aralms owBY±Tt I 1v alt £1i~tv bigbe then cmUE1CLO S aG.the quiesornit UBAVMt iudloatiz thet the_ _ _ _ _ _Onuism anwizv cwt only slidt~y eodo the
valft lava of the am~monu Myw.
(Tro sm wd Uvtudim~ amas mes~twoma4mddtud the suer@2ati~mp Ik Iatoni the I-
quiet tin en wuiae inompumnt.) Thi type ~ ~ -

=nomas both the bek andid mago bi maitor ________
1o01=00 In. e& axis.2

Figure 4. Comparison of Vertical Axis j-
(Back Monitor Point) Random
Vibration Envelopes for Three
Different Periods of the C98 8-
Flight Profile.SOI 15

10 G~ET~-61 C: OPE CUE.RT1ql~j)
lgr-

2  
SOLID_____ CFg1E is 12g

9w W&FREOUENCY HZ
A

o io-3  
1

-s 4  
-Figure 6. Comparison of Horizontal Axis2 isAircraft Takeoff/Cl imbi/Landing

E Test Specification and C9BR jM5Transverse Axis Random Vibration
H Envelope.

Z ~TEST 81rC eRmi : 2. 31

is1j2 @ A
FREOUECY NZ 8 6 -

envelopes we pnheeted In Figume 5-10. For 2 £

pnw- of ocompeuom, the CUB date, weP
Plott~ed u1co with amDmt &Liamft t~v=F9Ort Rvibnatm test speolficatio lsvls vhicis hae 3'been dwivd at Sania Nxtiom. laboratories 012
the basis Of CU, M41, N0135, (450 wd M133 107S
dafta gpus in RFletssos 1-a. Note that oM2Y
theg vtios.1 ads T/C/ dita (nomz 5) amoseft
tam test spemSictiaos. 7h =B data wean
gzeatmW tbW the test SPeOUitioti in the 10 *11%9 jg3
to 3C0 as nequay zLoge. Thble 3 pmvides a FEUNYH
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Figure 7. Comparison of Horizontal Axis Figure 9. Comparison of Horizontal AxisAircraft Takeoff/Cliib/Landing Aircraft Cruise TestTest Spftitication and 13B Specification and C9B TransverseLongitudinal Axis Random Axis Random Vibration
Vibration Envelope. Envelope.

TES UWW WMi a 2.21 TOWT W41C @Ift a CPS
COM LONIiWDINM. mu w. 122 cM TPWMPJ.M WW~I -

DAM - Cos Rma

aa 
ig-z

2 12 -

P P

of1.1 .21

"Igure 8. Comparison of Vertical Axis Figure 10. Comparison of Horizontal AxisAircraft Cruise Test Aircraft Cruise Test
Specification and C98 Vertical Specification and C98Axis Random Vibration Longitudinal Axis RandomEnvelope. Vibration Envelope.
TIMT OME OM - 1.72 WWW GI m 9...

CSM MUwICLSM. ari 8 .116 CM cm IUINLWO .

le-1..I.. .-.- 1 11

SD D

a is- 2  
a ir
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139



71gares IW~a-11 o the complete set Of test tZsOoti mm0iarios. Ub tated times
.peoifioeatiw *ibla no izkobd the 00 data. reflect a t ct r uise durmtio of three hours'
Me T/C/L test epofoa±eoctma bndhse of (wem bow per sz.) and thirty mizuties (ton
316,.r-ami Ws~ v is~ Ch an, ~ mim e per aizls) for takmofi * climb, dmowet.

mipe~~~±upceed.~am Is tim -~za epo0m m *±n.(y we aimite per flight (thirty
9Rfie~). 7!m vetical aude T/C/L ralmdo vomda for takof tid aa thirty meocads for

vibtiask test ufpeolfimfontc ha eezim revised 1UR i4 taXust x~eersl) alooolmte for the
to msmlop tim CMB flight data. Niots that the vib~ition lev13 Whiab oozztrol the T/C/L test
gSw izi the reisd vetical axset speaoifctice. Madxzation amfpeot of the
upeolfostics owvn in Figure 1a. has On~ly rigen test opw ticitioi, alou with the fact that
fras 3.63 3w to 3.65 gro, indicating that eac test speomfostion looald be zeduced if it
the Incrase 3lmj frqsx cotn n h we applied to a s~Min moedl of solrorft
data in of little higaifioamm to th oversl' iIrt~jea of thecmposite of five diffeimt
test impIt. It uhoald be menticmed that tim G±?CE ft. *3ist both be aW1zessed prior to tim
test duretL=a stated iD). tie Figures lla-ld iu l t o r o thmese tzsnspoz airw~aft
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COMPREHENSIVE INFLIG9T VIBRATION AND ACOUSTIC TESTING

Phyllis 6. Bolds

Air Force Wright Aeronautical Laboratories
Wright-Patterson Air Force Base, Ohio 45433-6553

The Air Force Flight Dynamics Laboratory has obtained inflight
vibration and acoustic data on a serie% of operational aircraft for
the upgrading of environmental design criteria Lood verification of
dynamic prediction techniques. The many uses of * data from the
most recent comprehensive inflight survey, the F- .E aircraft, are
presented in this paper. In addition to acquiring the dynamics data
in a timely manner, cost effectiveness, analysis techniques derived,
instrumentation developed, and the expertise gained make a survey
of this type most attractive to the Air Force.

INT RODUCTION

In the past the Air Force has conducted within the aircraft, fine-tune laser
camp.e*esive inflight vibration and acoustic control, define the aero-acoustic
tests "n curre'.t and experimental vehicles to environmer.t In the internal weapons bay,
determine their dynamic environment. These establish airframe identification using the
dynamics data have been used in the areas of vibration signature of the aircraft, update
human comfort, equipment installations and vibration test methods for equipment,
structural dynamics. These data are readily Mil-Std-810, and many more.
available for use in solving problems that
occur in the operation of military aircraft. The results of this program were
Since many Air Force vehicles remain in the documented in Ref. 1 in three-parts, AFWAL-
inventory for decades and undergo numerous T1-81-3182, OF-1I1E Flight Vibration and
changes in purpose and design, this informa- Acoustic Test Program,* Part I, Test Instru-
tion is invaluable to the aircraft manufactur- mentation, Test Procedure and Data Re-
ers and the Department of Defense. The duction, April 1982; Part II, Statistical
dynamics data gained from inflight testing, Analysis "uf Overall RMS Measuremnts; and
can also be used to help make commercial Part III, Spectral Data Presentation.
applications of similar aircraft more safe.

The V!bration and Acoustic Branch of
The objective of this papea Is to take a the Air Force Wright Aeronautical

look at the many ways these dynamuics data Laboratories Is used for recording and
have been used in the past and comment on the analyzing dynamics data. New instrumenta-
potential savings in time and dollars gained tion systems have made possible a signifi-
by conducting these surveys on dedicated cant increase in the quality of measure-
aircraft. As a result of this potential cost wants which can be acquired to define the
savings, it is recommended that weapon systems dynamic environment In various aircraft,
be made available by the Air Force to conduct missiles, and ground support equipment.
similar comrehensive studies. The Flight
Dynamics Laboratory's Vibration and Aroustic The Branch has developed over the years
Branch has the capability for acquiring, sensors, tape recorders, amolifiers and
analyzing and interpreting inflight dynamics other signal conditioning equipment to
measurements. acquire inflight dynamics date. They have

studied packaging and miniaturization for
The utilization of these data has been the design of onboara instrumentation while

very beneficial to the Air Force. These data increasing the accuracy and dynamic range of
have been used in various ways such as; to this equipment by using pulse code
verify empirical vibration prediction modulation (P04) encoding and recording
methods, define vibration transmission paths techniques. An example of the research and

147



development conducted by the laboratory, is Test Instrumentation. In the airborne
the miniaturizing of tha signal conditioning acquisition system, 104 accelerometers and
equipment as shown in Figure 1. We have 29 microphones were used for measuring the
included in the endeavor to optimize our vibration and acoustic envlronment through-
capability, the implementation of the latest out the sircraft. The signal conditioning
analysis techniques used to define the and recording instrumentation consisted of a
dynamic environment and to solve potential 12 position switch box, a tape recorder, a
problems. These analysis and statistical portable data acquisition system, a time
techniques are contained in Ref. 2, code generator, voice from the aircraft
"Compendium of Methods for Applying Measured intercom system, six-channel automatic gain
Data to Vibration and Acoustic Problems," changing amplifier boxes, an in-house
may 1986. fabricated programmable transfer box, a pair

of frequency multiplexers each consisting of
The acquisition equipment includes a two voltage i'ontrol oscillators and one

wide selection of modern dynamics trans- mixer amplifier.
ducers, signal conditioners, and tape
recorders. Figure 2 is a picture of the Data Acquisition. Dynamics data were
onboard/portable tape recorder system. recorde for test coruditons which included
In addition, the Branch has available two ground run-up, take-off, clitmb, level
mobile data acquisition and analysis vans acceleration and deceleration runs, side-
which are completely self-contained. They slip, turns, stabilized flight, gunfiring
are used for on-site data acquisition such passes, landing, and standard maneuvers.
as related wind tunnel tests, flyover The data were recorded during preplanneu
acoustic tests, runway ro•ighness measure- conditions for up to 3 to 5 minutes.
ments, etc. The pictures of the vans are
shcwvn in Figures 3 and 4. Data Analysis and Presentation.

Analog tapes recorded during the -iights
The process of obtaining dynamics data were analyzed by the Structural Vibration

and storing it fc- subsequent retrieval and and Acoustic Branch at WPAFB, Ohio.
processing can be summarized into five major Root-Mean-Square time histories indicated
tasks: transduction, signal conditioning, whether these data were reasonable and
recording, data verification and record stationary. The power spectral density of
keeping. these vibration data was computed using

standard Fast Fourier Transform (FFT)
To reduce the large quantities of data techniques. The amplitudes of the acoustic

to a usable form, processing techniques data were presented in sound pressure levels
based upon the use of spectrum analyzers and and the frequencies in one-third octave
mini-max computers are employed. Figure 5 bands.
shows the computer system used to process
these measured data. The processes for data The feedback from the useis of these
analysis are retrieval and editing, analog- data ass:sts in the design of future compre-
to- digital conversion (if required), hensive studies. It provides information
spectral and statistical analysis, and such as location, frequency-range selection,
graphic presentation. A discussion of the the analysis to be accomplished and data
measurament and analysis capabilities are presentation.
contained in Reference 3.

USERS OF F-111E DYNAMICS TEST DATA
TEST DESIGN

The test data were used in AFWAL to
Test Vehicle Description. The F-111E support the in-houie program !'Dynemics

aircraft is a two-place, alT-weather, high or Environment on Current and Future Air Force
low altitude, supersooic, tactical fighter/ Vehicles," to enhance the vibration analysis
bowber. The aircraft has dual controls and and testing technology by verifying the
requires a crew of two seated side-by-side. empirical vibr'ation predictior methods and
It provides the pilot Nith the inflight the vibration transmission study. The
capability to select any angle of wing sweep acoustic measurements were used in a similar
between 16 and 72.5 degrees respectively, manner to validate prediction methods In the
The aircraft has full span Fowler action, design of spoilers to be installed to con-
double slotted trailing edge flap., and is trol the -ýnternal weapons-bay aero-acoustic
powered by two TF3O 4et after-burning engines envirornmnt. The measured fljtuating
internally mounted in the fuselage. The pressures were rensitive to Mach number,
aircraft has a conventional tricycle gear flight altitude, test configuration and
with the main one as a single assembly. It lo'zation. The results of this study were
has a large vertical stabilizer and a published in AFWAL-TM-81-69-FIBE, "Full
conventional rudder plus ventral strakes Scale Flight Evaluaidion of Suppression
located on the lower portion of the engine Concepts for Flow-Induced Fluctuating
access doors approximately 30 degrees Pressures in Cavities," Ref. 4.
from the vertical.
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Figure 1. Miniaturized Auto Gain Ranging Amplifier dnd Lowpass Filter
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Figure 2. Onboard/Portable Data Acquisition Package
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Figure 3. Twenty-Six Foot Mobile Experimental Laboratory
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Figure 4. Data Acquisition Van
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Figure 5. Mini-Max 32-Bit Ccmputer with 7.5 Megabytes of Memory
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The contractual program to identify COMPARATIVE INFLIGHT TESTING COST
aircraft type from their vibration character-
istics by the use of radar return signals, The total cost for test and evaluation
utilized these data to launch their feasi- for an aircraft in the F-111E class has more
bility study. Not only did the F-111E data than doubled since these measurements were
play a major part in this program by repre- made. If each test that this dynamics data
senting the fighter/bomber class, other data satisfied had been conducted individually,
from the dynamics data bank maintain-d by the it would have cost the Air Force aoproxi-
Flight Dynamics Laboratory from previous mately fifteen times the initial resources,
comprehensive studies were used to represent not including the expertise, instrumentation
other classes of aircraft. and equipment to acquire, analyze and

interpret these measurements.
These data were used to develop a

computer simulation program as a design tool These data were utilized to complete
for an airborne laser transmission system. many programs that could not otherwise
This program investigated the possibility of obtain flight test data; therefore, these
designing a system to establish the specifi- programs would probably never have been
cations for each component that will insure accomplished or empirically verified.
desired output performance. The results of Less than 20% of these programs would have
this study is documented in AFWAL-TR-85-3008, been completed and this technology would not
"Computer Simulation For Vibration Control be available now.
of Laser Transmission," Ref. 5.

CONCLUSIONS
Numerous requirements were received by

those responsible for the installation of The many uses of these data have been
vibration sensitive equipment such as: mentioned here to give the reader some idea
camera mounts, radar units, and other avionic of the importance of having vibration and
instrumentation. The measured data to acoustics data available in an Air Force
customize the vibration specification test maintained data bank to support the numerous
were supplied, quick turn-around customized tests required

on operational and future flight vehicles.
Aeronautical Systems Division utilized

these dynamics data to a large degree. All It appears, in the best interest from a
of the data were used to update the dynamics technical and economical viewpoint, that the
qualification test criteria and techniques Air Force should continue 'o conduct compre-
publication. They were also used to re- hensive vibration and acou.tic surveys on
define and augment the dynamics test methods dedicated aircraft.
of Mtl-Std-810. Because the data were
measured during gunfire and non-gunfire, they REFERENCES
were used to evaluate gunfire vibration
prediction meth(,ds. This program provided 1. Ach, J. T., et al, "F-111E Flight
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VIBRATION ANALYSIS AND TEST

EVALUATION OF VIBRATION SPECIFICATIONS

FOR ACOUSTIC ENVIRONMENTS

L. T. Nguyen and G. J. Zeronlan
Northrop Corporation, Electronics Division

Hawthorne, California

To properly design any structure, It is necessary to determine the effects of various
environments, vibration, shook, 6to., on that structure. Usually the environment which has
the worst effect will be used as the design criteria for comparison with the static (yield or
ultimate) material allowables. Analyzing the same structure under all of the various
environments can be time consuming and oo.3tJy. A method has been devised previously to
allow for various environments to be compared to each other to select the highest load or
acceleration producing environment. The proposed paper Introduces a technique which
extends the above method and allows an additional environment, acoustic vibration, to be
compared with sine, random vibration and shock environments. Furthermore, these
techniques enable all dynamic environments to be added together so only a single stress
analysis of the structure is needed for combined environments.

INTUODUCTION determine, for sine, shock, random and now acoustic

The typical approach to decide the design excitation, which one will be the most important to
environment for a structure is to perform complete comider for the structural design.
analyses based on several environments, such as sine GENERAL APPROACH
vibration, shock and random vibration. Once this is
done, the resulting stresses and deflections a There a•e three main conversions involved to
compared to the yield strengtb of the material to change the acoustic spectrum of decibels versus
determine the resulting margins of safety for all frequency into g response verss frequency
environments. This can become both time consuming
and costly. Ref. 3 describes a method whereby these 1) Conversion from sound presure level (¶PL) in
three specific environments can be initially compared deCibels (io) to power spectral density (PSD) in
to each other and the most severe determined prior terms of psi2/hz:
to any detailed structural analysis. This approach
allows for a structural analysis to be completed for This entailb calculation of the pressure for each
the worst environment without having to perform bandwidth in the spectrum, based on one octave
similar analyses for all the other les severe or one-third octave divisions. From Ref. 4, the
conditions. Another advantage to this method is the SPL of the center frequency Fe of each bandwidth
ability to add environments together, if required, to is defined us,
do only one stress analysis for the structure under all
combined environments. SPLFO = 20 LoglO 208

The "Quick Look" method, described in Ref. 3,
is the basis for this comparison. Sine vibration, shock where PFe = pressure at FP
and random vibration spectra are each expressed in P = reference standard smod
different units. This method shows how to convert pressure at 2.0 x 10- psi
each of these environments into common units of g
response versus hz. Once this conversion has been j SPLFc
performed, the different environments can then be P
plotted on a single graph. For any desired frequency glvi:g 11 0 PFe= PR 10
range, the lhghest curve on the graph will represent With PF0 known, the PSD-in terms of pl/hs can
the worst environment for that range. This P F0 i
particular spectrum can then be used for the find be computed using RSD - where Bis thestructural analysis.-- weeB1 h

banAwlcdth (ha). From Fig. 1, B is the difference
The purpose of this paper is to provide for the between the end frequencies of the bandwidth

inclusion of the acoustic vibration environment along (i.e. B F2 F1 ).
with the other previously mentioned environments.
Using the proposed method, it is possible to quickly

155



Substitute eq. (2) for m into Eq. (1):

tAP
386.4 a P

is Imown asg". Therefore Eq. (3)

F1  Fc F2  LOG F (Hz) beowmes
P()

Fig. 1- Bandwidth = 1p(4)

From Ref. 2: With PSD in terms of psi2/hs from conversion (1)
I and Eq. (4), PSD in units of g2/hz can be

F2 = 23 FI r-here n = 1 , or I depending Pal2ulated

on the bend divisions 2 2

FP =4 1 F2 = 1/-jl- 2" Fn'Fp
or• V; --F0

Therefore F 1 = and2 (tp)h

n F 2 n/2=n This conversion procedure, although simple, is
F2  = !Fe dopendent on the thickness and density of the

structure. For Ceaes of structures with non-
fflvng B = F (2n2 .2..n2 )uniform thickness andor density, only worst

giving H = PC (2r'/2 - 2-n/2) case aoustic environment can be evaluated for

)(2/hu• g response using the smallest thickness end/or
2) Conversion from PSD (ps12/ha) to PSD (g ) density.

The acoustic pressure is dei•.-,,t on the sound 3) Conversion from PSD (g2•fs) to g responses
velocity and the thickness of the medium the
sound is pasing through. With this relationship, Using the procedure explained in Ref. 3 for
it is possible to perform this particular step In random vibration, PSDing 2 /hs can be conveted
the conversion. to g response.

By using F = maandF=PA, Sresponse=

where F = or (be) where f = frequency (hO of the spectrum

m = mass of the structure =i PSD (g2/a) at f

a = acceleration fblt by the Q amplficaton factor
structure t/2) = = ratio of amumed to

P = acoustic pressure ajt~ng on Critical dampin

the structure (Ib/n After then three conversions have been performed,

the new acoustic spectrum can be platted along with
A = surface area of the the other envLt.oments in common units of g response

structure 2n2) versus frequency.

mA = PA (1) PROCEURE

Since m is deafined as the produat of the volume The following example demonstrates how this method
v of the structure and the density p of the is folized.
material, m an be rewritten as: Is utilised.

M tAP (2) An AI-7075 plate clamped as shown inI F. 2 is
TWA) subjected to four dynamic environments In the z

where t = thickness of the structure (On) direction with Q = 50.

P = density of the material (lb/In3 )

386.4 in/sec 2 = gravity
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4) Sine

/1 tE2 E 10E6 pa-iz x P - 0.1 Ib/Is .

Z. (100.1) (2.0nv m)et

• ~~12' YIz

Fig. 2 - Clamped Plate

1) AOUstic field - 144 db overall, 113 octave bend

divisions From Ref. 3, environments (2) to (4) can be converted
to g response versus frequency.

(200.133) MWO. 133) FP environment (1), first use Conversion (1) to find
PSD in pge 2 /A

TABLE 1
Conversion of SPL to PSD e2/A)

" -*ý (10.000. 1221

(20. 107) PC SPL P B PND
(ha) (db) (lb/OS) (ha) ( IPAS/ W

FREOUEN'Y (Hz) 20 107 6.492K - 4 4.6 9.101E - 8

200 133 1.2951 - 2 "3 3.6023 - 6
Pig. 3 - Aooustc Spectrum 800 133 1.295E - 2 185.2 9.058R - 7

10000 122 3.6511 - 3 2315.6 5.1561 - 9
2) Random Vibration - 13gEMs

Change from psi 2 /ha to gi2hz usm t = 0.1 in,
O450. 0.078) 0.11) = .1 lb/In 3

TABLE 2
Conversion of pSD to g2I/b unit

NC PSD PSD
Ow, (9d2AW• (rg/A.,

(10, 0.0048)

20 9.1011 - 8 9.1013 - 4

FREOUENCY @4z) 200 S.6231 - 6 3.6231 - 2
800 9.0581 - 7 9.0586 - 3

Mg. 4 - Random Vibration Spectrum 10000 5.756E - 9 5.7561 - 5

3) Shook Finally from gC/hz to g respone

TABLE 3

Conversion of g2 wha to g repome

Fe NSD g response
(hz) (/a

20 9.1011 - 4 4
200 3.6231 - 2 72

.106 800 9.058E - 3 72
10000 5.7561 - 5 20

FREQUENCY MHz)
Fig. 5 - Shook Spectrum
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Fig. 7 shows all four environmens plotted in common This allows for a more comprehensive analy.s,
units of g response versus frequenoy. If the combined especially when fatigue becomer an important
environments are required for the structural analysis, consideration.
the sp-etrum (represented by the dash line---in
Fig. 7) can be used instead of analysing every CONCLUIMON
separate load case and then adding the stresses from
each load case. This spectrum is a result from adding By using the proposed method along with those
all four environments shook, acoustic field, sine and described in the two references, (1) and (3) it is now
random vibration which the plate is subjected to. possible to quickly determine which environment, of a

broader range of environments, will have the worst
It can be seen that the shook environment is effect on a structure. ThIs environment can then be
dominant for frequencies above 150 Hs while the sine used for the final analysis, with the net result being a
environment is the worst environment for frequencies great savings in analysis time and cmot.
below 150 H:!. Another advantage to this analysis
approach is we ability to add environments together, R*3r3SUCEB
if required, to do only one stress analysis for the
structure under all combined environments since all 1. S. P. Bhatia and J. H. Schmidt, "Evaluatlor of
environments now have common units. Vibration Specifications foe Static and Dynamic

Material Allowables", the Shock Wnd Vibration
The results of a structural ai.alysls are usually Bulletin, Bulletin 56, 1985.
compared to the static material allowables. While
this usually produces satisfactory results, it does not 2. George M. Diehl, "Machinery Acoustics", pp. 7-
take into &ecount the effects of fatigue. Ref. 1 39, Wiley Intersedence, 1973.
describes a method which allows for this lower
dynamic allowable to be used for oomparison. This 3. J. H. Schmidt, "Quick Look Assessment and
method is applicable for -andom vibration environ- Comparison of Vibration Specifications", the
ments. Acoustic vibration is a form of random Shook and V!bration Bulletin, Bulletin 51, pp.
vibration, and thus this method applies as well to 73-79, 1981.
vibration analysis involving an acoustic spectrum.

4. William W. Seto, "Sehaum's Outline Series -
Theory and Problems of Acoustics", pp. 37-42,
McGraw-Hil, 1971.

// 1
//-

I J. "000000

...... ... .. .. .

150
FREQUENCY OHz)

--- SINE ........ SHOCK
"--- ACOUSTIC FIELD - RANDOM VIBRATION

•-_- COMBINED ENVIRONMENTS

Fig. 7 - Comparison of Environments
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FATIGUE EFFECTS OF A SWEPT SINE TEST

A. E. GALEF
TRW ELECTRONICS AND DEFENSE

REDONDO BEACH, CALIFORNIA

There is considerable equipment in the field that was procured before the
superiority of a random test over a sinusoidal test was generally acknowl-
edged. This paper developes a procedure which (based upon the usual
simplifying assumptions) can be used in some cases to estimate the capa-
bility of equipment which has been tested only by an exponential sine
sweep to withstand more realistic environments.

Symbols The question of the ability of equipment in the
field, procured under earlier versions of

C Constant defined in text MIL-STD-810 or other equivalent documents, to
Da fatigue damage in one cycle of withstand the more rational vibration tests

vibration currently being prescribed is now frequently
Dd fatigue damage done in a sinusoidal being asked. Answers are readily constructed,

dwell at resona,.ce using References 2, 3, subject to the usual
Dr fatigue damage done in a ranaom test simplifying assumptions that-
IN fatigue damage done in a sine sweep
F Frequency of mode of major response e The equipment of cuncern has only one
f instantaneous frequency significant (major stress-causing)
fo, ff initial and final frequency of sine resonance within the test frequency

sweep band. Stress is very nearly propor-
Q amplification at resonance tional to the acceleration response in

(frequency F); Q - 1/(2C) that mode.
R sweep rate, in octaves/second
SR/number of sweeps (from fo to ff) in a The equipment is linear and viscously

a sweep test damped; the damping in the ,ujor mode
S sinwsoidal excitation amplitude is known within reasonable limits.
Td time of a sinusoldal dwell test
Tr time of a random test e The failure mechanism of concern is
W excitation spectral density at peak (instantaneous) stress levels.

frequencies in the neighborhood of F A probabilistic conclusion is
Y exponent of stress in material fatigue acceptable.

expression
damping in mode of major response, as If the sinusoidal test that had been performed
fraction of critical damping. included dwell at resonance, or if the sine

sweep was sufficiently slow and/or the damping

INTRODUCTION was sufficiently high to approach or reach the
limiting case (peak response proportional to Q)

In one of my earliest papers (Reference 1) it of the Lewis (Reference 2) study, the proce-

was claimed that "It is no longer controver- dures involved in comparing the peak response
levels of the sinusoidal and random test are

sial to state that the bulk of vibration which shortened slightly, but in this case both the
is measured on trucks, aircraft and missiles is random dwell and the sinusoidal sweep may have
randcAo vibration---". Given hindsight, we sufficient fatigue impact that the "peak level"
must recognize that that claim was premature at criteria would, very likely, be insufficient.
best; it was not until 23 years after .'esenta- In this case the third of the "usual simplify-
tion of. Reference I that the current (D) revi- ing assumptions" cited above would be replaced
sion of MIL-STD-810 reflected the acceptance of by the further simplifications:
that verdict, and considerable equipment is
still being procured to environmental docu- a The failure mechanism of concern is
ments whose vibration tests are limited to fatigue.
sine sweeps.
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* The (single-level) fatigue character- [resonant) response cycles have negligible
istics of all materials of the equip- fatigue impi,:t) and a particular value of
ment can be reasonably approxiwated y(y - 6.5) tu conclude that the sine sweep at
by straight-line plots of stress vs. a rate sufficiently slow to permit essentially
number of cycles, on log-log grid. completLk resonant build-up, causes approxi-
The slopes of these lines are known mately one-half as much damage as a sine dwell,
within reasonable limits, at the resonant frequency, for a dwell time

equal to the time during the sweep spent within
* Miner's law for cumulative fatigue the frequency range (1 t c) Fr. He further

damage (Reference 4) holds. hypothesized that, because of the interaction
between low and high (up to twice as high)

For the case of the resonant dwell the compar- levels of stress, the low stress cycles would
ison of severeties is easily derived given have more fatigue impact than would be pre-
the above assumptions. The results, as dicted by a direct application of the Miner
presented in Reference 5* among others, con- theory so that it would be reasonable to assume
clude that equivalent fatigue damage will that the damage is as much, instead of one-half
occur in the same amount of time provided the as much, in the sweep as in the dwell.
following relationship between the sinusoidal
excitation S and the random spectral density Spence and Luhrs employed the Gertel hypothesis
W holds- along with assumptions on the interaction of

random and swept sinusoidal vibration to(wFII/Q)/ r(- develop an approach to "Structural Fatigue
under Combined Random and Swept Sinusoidal
Vibration", (Reference 7) and, consequently, aIf the sinusoidal dwell time, Td, differs reasonable approach to the simpler problem of

from the random duration Tr, Eq. 1 is the sine sweep alone; however, they did not
modified- consider a critical examination of the Gertel

conjecture necessary in their work, the rtsults
T r - +.of which much be recognized to have uncertain

S - (wWF/Q)" [L r(f + 1)] '/I 2 gnraiy

Morrow (Reference 8) developed the expressions
In response to thy2 practical difficulties in for comparison between the energy dissipated in
identifying internal resonances the dwell" a sine sweep and the energy* dissipated in a
portion of sinusoidal tests had been increas- random test. His results are seductive because
ingly often deleted from vibration tests. the "Q" (which is rarely known with precision)
As an example, the "B" (1967) revision of has the same weight for energy dissipation in
MIL-STD-810 contained a 30 minute dwell at both sine sweep and a randcm test so that it is
each resonance (up to 4 such resonances) for not necessary to know the Q. Equivalently, the
common carricr transported equipment but the y" does not appear explicitly because the
"C" (1975) edition deleted any dwell while particularvalue, y - 2, is implicit in his
retaining 84 minutes/axis of slow sine sweeps. solution. However, his results are not appli-
In order to compare the sine sweep of the "C" cable to fatigue except for the inordinately
edition to either the purely random test of low value of y - 2 (y is rarely lower than 6
the oD" version or the dwell oi the "B" and, for high cycle fatigue is often more than
version of MIL-ST)-810 it is necessary to 10).
have an assessment of the damage done by a
sweep. While attempting to fulfill the tasks Additional and more general results were not
of a recent project I had occasion to search found, and it was elected to undertake the
for such an assessment and was surprised by study reported on following.
my inability to find in the expected sources
the solution to this common and often important ANALYSIS
problem. Application of the simplifying assumptions
LITERATURE SURVEY cited in the Introduction permit writing the

following expression for the fatigue damage
An approacOt to the problem was provided by caused by a cycle of steady-state response to
Gertel, in Reference 6. He generalized from excitation at frequency f, amplitude A:
a sample calculation using low damping (which
made stress cycles removed from the peak

It should be appreciated that the Morrow
results are for energy and not for power;
the sine sweep which develops equal energy

There are changes in notation from that in the sama time period as a random test
employed by Miles and Thomson in would be more likely to cause overheating
Reference 5. and failure of isolators.
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integration analytically were not successful.
A program was written for numerical integration
and the Integration was performed over theD C(SQ)y k3) ranges:

_2(i _ f2)2 + 2 3 s Q 25

F F 4 s Y s 16

It was found that the results of the integra-
The constant "C", depends upon the stress- tion could be well approximated* by:
acceleration transfer function and on the"one cycle" intercept of the ltneurized Ds 2.27 C (SQ)Y F (8)
(stress - No. cycles) fatigue curve. The 2.27 C (S- y 2 F (8)
definition of the remaining symbols should be fQ(1.0 3 1 - .127/9) (y -1

sufficiently clear from the notation provided
at the beginntng of the paper. It is seen that the exponent of "Q" in the

denominator of Equation 8 differs only
For a swept frequency test, it is clear that slightly from on (1). This is in accordance
the time spent while sweeping from 1 to f + df with the expectations of Gertel, in Reference 6.
is The additional informtion added by this work

is in the "y' dependency ('y - 1.54) in the
dt - df/f (4) denominator.

COMPARISON OF SWEEP TO OTHER TESTS
and the number of cycles applied during that
interval is The damage caused by a sine dwell at the

resonant frequency for T seconds may be
n (f) - f df/f (5) written easily; the damage/cycle is that of

Euqation 3, for f - F. Since the total numberof cy"les is FTd, the damage is-
for an exponential sweep (f - fo * 2 ** (Rt))

the operations above lead to Dd - C (SQ)Y F Td (9)

n (f) - df/(R ln2) (6) The damage caused by a random test with accel-
eration spectral density in the neighborhood of
the resonance of W, applied for Tr seconds was

The continued application of Miner': Hypothe- developed In Reference 5 In the course of
sis permits combining Equation 3, 6 to yield deriving Equation 2.
the fraction of damage generated by an
exponential sweep. r = D F Tr r(I + 1) ( W F Q)Y/2 (10)

Os , nf) ("C" in Equation 3, 7, 8, 9, 10 is the same.

LaN(f) since all assumed the validity of Miner's Law
which makes no allowance for the interaction
between low and hligh levels of stress. InS fr dtruth, some allowance should be made for inter-

i42 fr df (7) action in Equation 8 and a larger allowance
[2 2)2 t /2 should be made in Equation 10. Quantitative

fO1 IQ F2  F2J recommendations on this line are beyond the
scope of this present work).

(If the test under investigation involves Equation 8 may be compared to Equation 9 to
several sweeps, Equation 7 should be multi- quantify the relative severity of, for exb-ole,
plied by the number of sweeps to yield the the B and C versions of MIL-STD-810. An
total damage done by the test. It will be equivalent evaluation can be made between the
conveniqnt to do the equivalent by replacing
R with R, where R = R/number of sweeps),

It will be apparent that, when y - 2 and when As with any empirical equation fitting data
fo<<F<<ff, the integrand of Equation 7 is achieved over a finite range, there is some
exactly that involved in evaluattng the (nms) danger in using the expression for y or Q
response of an oscillator to wide band random much greater than the values of 16, 25,
excitation. The integration can plainly be respectively used for numerical integration.
performed, and the results are those used by For such applications the user should per-
Morrow (Referencc 8) in developing his form his own numerical integration of
"energy equivalence". Equation 7. For high values of "Q", one

should ýe careful that the assumption of
For higher (and therefore more applicable to essentially full resonant response
fative) values of y, attempts to perfrom the (Reference 2) is not violated.
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effects of the C and 0 version of that Equation 10. In the example following the
standard if Equation 8 is comnpareO to "normal transport" procedure will be ued.

This is-

MIL-STD-810-B MIL-STD-810-C MIL-STD-810-D

*1.3g, 5-27 Hz ±1.5g, 5-200 Hz .015g2/Hz 10-40 Hz
036 in peak-peak,

27-52 Hz
t5g. 52 to 500*Hz 7 sweeps, 135 5.5 db/octave

sic/octave/sweep ro'l1off 40-500 Hz
Sweep, plus 1/2 hour ( = 1/(135*7)= 60 Minutes/1000
dwell at each .0010582 miles of transport
resonance (up to four)

(In one of the manners in ehich the "D" The equivalent comparison between the sweep
version is more rational than its predecessors, of "C" (Equation 8) and the random test
the test time is ralted to the life cycle (Equation 1G) of the current, "D" version
(60 minutes/lO00 miles]. This makes the yields-
desired comparison more tenuous, since the
test time in the "B", "C" versions is 3.36 r( 1 + 1) (y I ) . (047
arbitrary. For the present purposes we will Dr - 3.36 F)Y/
let the "D" test time be 2 hours). 5S 1 Y/2-1.031 +.-27/Yz)

Dividing Equation 9 by Equation 8 permits
relating the damage caused by a .5 hour dwell r<40 12-a
(MIL-STD-810-B) to the 84 minutes of sweeping
of MIL-STD-310-C. (The pre-dwell sweeping
involved in ':" is ignored). 3.36 r(++ l)(y-1s54 ( 4 0 .2 7/. 3)Y!2

S(y/2-1.0zsl + .127/Y2)

1.3 Y Q(1.031 - .127/y 2 ) ( 51je4 1.5Y
)s F>40 12-b

f < 27Hz 11-a

2 y4(. )' Q(l".031-1.27/Y2)(y- 1) 5 Conclusions regarding the relative severityare not obvious from inspection of Equation 12.

27<f<52 11-b The comparison may be readily evaluated,
however, for specific values of Q, y. To that
end, the evaluation will be made for the

"8 4 (5 )Y Q(1.031_.127/y2)(Y_ 1 .)5 ca~e5 of Q=5 and 10, y of 8 and 16. The
= 1.5 results are:

f>52Hz 11-c Relativa Severity of Random &.Sine-Sweep Tests

It should be clear that, for typical high -0

values of Q, y, the fatigue damage done by "J - 8 I.3 .-1 J F<4.0
the dwell of MIL-STD-810-B was much greater A-FIF3.3 I 2-s F41F3. 3j Fx40
than that done by the later, C version of Eli0FtW6E1/ 6 .6  1

the same standard. _

It may be seen that, for a low F (typical of
a shipping container suspension, for example)
the random test of MIL-STD-810-D is much less
severe than the swcaps of MIL-STD-810-C. For
frequencies in the neighborhood of 40-50 Hz

Upper fq c(typical of electronic assembly without
rfrequency reduced for heavy items, vibration mounts) the random test and the sine

sweep are comparable in damage potential,
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while for high frequencies the random test is 6. Gertel M. "Specifications of Laboratory
again relatively benign. But the most impor- Tests". Page 24-17, 24-18. Shock and
tant message of Equation 12 and the table is Vibration Handbook (Harris and Crede,
the clear emphasis that it is not possible Editors). McGraw Hill Book Company, 1961.
to make an evaluation regarding relative
severity unless the usual assumptions are 7. Spence, H. R. and H. N. Luhrs. "Structural
justified and Q, y, F are all reasonably known; Fatiuge under Combined Random and Swept
the hope implicit In the "Energy Equivalence" Sinusoidal Vibration". J. Acoustical
of Reference 8 and the partial hope of Society of America, Volume 34 Number 8.
Reference 6 has been dashed! August i962.

CONCLUSIONS 8. Morrow, C. T. "Environmental Specifica-
tions and Testing". Page 24-10, Shock

The task of comparing the severity of qualita- and Vibration Handbook. (Harris and
tively different vibration excitations has Crede, Editors). McGraw Hill Book
been confirmed to be neither more rigorous nor Company. Second Edition, 1976.
simpler when one of the forms of vibration con-
sidered is a slow sine sweep. As in the case
of a resonant dwell it remains necessary to
make "the usual assumptions" (a single
response mode of importance; linear and
viscously damped response; no damping-coupling
of modes; the damage mechanism of concern is
is known; if fatigue is the likely damage
mechanism damage accumulates linearly; fatigue
characteristics of all materials are reasonably
known and representable by a monomial expo-
nential function; damping in response mode of
concern is reasonably known). If there is
question about the validity of those assump-
tions (and there usually is!) or if the
assumptions regarding quantitative knowledge
of damping (contained in the "Q" of the text)
or the fatigue behavior (contailed in the "y"
of the text) can not be replaced with conserva-
tive assumptions without yielding an exces-
sively pessimistic conclusion regarding the
capabilities of the equipment of concern then
there appears no recourse other than performing
a test to the "new" environment.
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STATISTICAL MEASURES OF CLIPPED RANDOM SIGNALS

Thomas L. Pass
David 0. Smallwood

Experimental Mechanics Department
Sandia National Laboratories

Albuquerque, Now Mexico

MAtract

It is shown that substantial and yet difficult to
detect errors may occur if random data are clipped and
then filtered. For stationary random processes Zor-
mulas are presented for the spectral density (power
",pectrum) of the clipped and filtered random process in
tnrms of the spectral density of the original random
process, the clipping level, and the gain characteris-
tics of the filter. A nonstationary random process
that is formed by summing components, each of which is
a stationary, band-limited random process modulated by
a deterministic function of time, is also analysed.
Estimates of the mean square output (the clipped and
filtered input) are given. Examples are given that
illustrate the problem of difficult to detect errors
for both stationary and nonstationary cases. An over-
load detector is suggested which could significantly
reduce the probability of this error.

1. Introduction amplified, filtered (either with a low
pass filter or by the bandwidth charac-

The output of transducers used to teristics of the amplifiers) to limit
measure structural rasponse is seldom the bandwidtht transmitted either by
directly used. More typically the wire or by telemetry, and then recorded.
transducer output is conditioned before The recorded data are then analysed.
recording. The signal conditioning
typically involves several stages of It has recently been pointed out by
zonversion, amplification, filtering, Nelson (1] that substantial and yet
and transmission (not necessarily in difficult to detect errors may occur if
that order) before the data are re- the data are clipped prior to being
corded. filtered. These errors can be detected

if the data are observed before any
The structural response being filtering, but the data systems often

measured is often random in nature. In exclude this observation. Examples
these cases useful statistical measures include, transducers with internal
of the data, like spectral densities, electronics preventing the user from
probability densities, root-mean-square observing the unconditioned data, and
(rms), and time history realizations are transducers on unmanned flight vehicles
estimated to characterize the response. where distance and telemetry systems

prevent h'e user from observing the
For example, the response measured unconditioned data. The resulting

could be the acceleration of a point on statistical measures of the clipped and
the structure. The transducer could be filtered data can appear plausible and
a piesoelectric accelerometer. The yet be inaccurate. For example, the
output of the trmnsducer is charge. The estimated spectral density can have
charge is converted to voltage, approximately the correct shape, but the
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magnitudes can be seriously underes-
timated. The data can appear nearly :30
Gaussian, but in fact be severely "C saturation of
clipped. Nonstationary data can appear : charge converter
nonstationary in a plausible way, but in 0 0

fact be in gerious error.

The related problem of distortion
induced errors has been considered by
several authors. See, for example, input
References 2 through 4. The objective charge
of this investigation is to quantify
errors due to clipping and filtering,
and discuss the conditions under which
the errors can occur. It is shown that
while clipping before filtering can lead
to plausible but inaccurate results,
clues often exist which, with careful
examination, will suggest the data are
in error. However, the risk of er- Figure 1. Gain characteristics of a
roneous data is large enough that sons typical charge aplifir.
simple data system features are sug-
gested that would substantially reduce
the chances of accepting inaccurate data ban4 width characteristics of the trans-
and response measures. mit ion system or recording system, and
2. Preliminary Examples then recorded. Figure 2 is a simplified

diagram of a typical system.
In order to illustrate the poten- Several problems can occur in the

tial problem, some specific situations pro blems cansoccur on the
are considered. Vibration response in process of measurement, transmission and
mechanical structures is measured using recording of acceleration signals. The
a linear characteristic acceleration one to be considered in this investiga-
trcnsducer. The charge generated by the tion is what happens when the
accelerometer is first converted to a acceleration signal to be measurod has
voltage. This stage is usually designed amplitude peaks that are far beyond the
very conservatively because if this values for which the instrumentation is
section is overlcaded the amplifier ranged. In this situation the ac-
recovers slowly. The charge converter celerometer generates charge that is far
is usually followed by one or more beyond the linear range of the charge
stages of amplification. If these amplifier. The result is a clipped
stages are overdriven they usually hard signal, and experiments have shown that
clip. The result is a charge converter when this happens typical charge
and amplifier with the characteristics amplifiers yield a cleanly clipped
shown in Figure 1. The amplifier output signal. Clean clipping (i.e. clipping
is then typically low pass filtered that leaves no jagged edges) is assumed
either by a separate filter or by the in this study.

1ACCELERO1.1METER • -- CHJAGE ......... AMPLIFICAON11 1]11 FLECONVERTER'''TE •-

FM -TRANjSýMITTER [RECEI=VER FMRECOR!DELRJ
MODULATION ,CDEMODUIATION

Figure 2. Simplified diagram of typical telemetry data channel.

166



In the first example a weakly
stationary, normAl random process is
considered. The source has mean sero
and the spectral density shown in Figure 100
3. (This is the spectral density of
absolute acceleration response to ac- H
celeration excitation of a single- .,.

degree-of-freedom (SDF) system.) The m
rms value of the random process is 6.31, o
and the clipping level is chosen as 0.63 10-2
times the rms value. (In this paper the
signals are unitless, but the signals, W
spectral densities, etc., could he taken u
as having any consistent set of units.) a
It can be shown thst the spectral den- M
sity of the clipped and filtered random
process is that shown in Figure 4. If 010
one is simply interested in knowing the frequency, rad/sec
spectral density of a random process and
expects to see the characteristic peak Figure 4. Spectral density of the clip-
related to SDF system response, then the ped and filtered random.pro-
spectral density shown in Figure 4 may cess. Spectral density of
appear plausible even though its rms the underlying source is shown
value is only 3.29 and an extra peak in Figure 3. Clipping level
occurs at triple the natural frequency -4. Filter: four stage
of the SDF system. (The reason for Butterworth with cutoff fre-
appearance of this peak will be ad- quency of 251 rad/sec. (40 Hz)
dressed later.) Figure 4 characterizes
a signal that is substantially less
severe than the actual environment 1
characterized by Figure 3.

It may seem that clipping should be
readily apparent in the time history,
but it may not be apparent because of
the filtering operation. For example, a
clipped and filtered realization of the _
random process whose spectral density is n4
shown in Figure 3, is shown in Figure 5. •
No clipping is obvious.

0 1 2 3 4 5
time, sec

Figure 5. Time history of a clipped
and filtered version of the

100 source whose spectral den-
sity is Figure 3. Clipping
level - 4. Filter: four

- stage Butterworth with cut-
off frequency of 251 rad/sec
(40 Hz).

10
4 ,During certain portionr of some

U responses a nonstationary random process
realization is expected. Consider now

Cothe way in which a realization of a
nonstationary random process is affected

10 10 10 by clipping and filtering. Figure 6
frequency, rad/sec shows a realization of an oscillatory

nonstationary random process. This
.-gure 3. Spectral density of a normal comes from a source that has a nonsta-

random process. tionary low frequency component and a
stationary high frequency component.
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The low frequency component consists of
subcomponents in the frequency range 6
from 6 through 1257 rad/sec (1 through
200 Hz). The high frequency component
consists of subcomponents in the fre-
quency range from 1257 through 4513
rad/sec (200 through 400 Hs). The rms
value of the low frequency component is
a pulpe superimposed atop a constant.
The high frequency component has a • 0
constant rms value. When this signal is
clipped and filtered using a clipping
level of 10000, the result is the signal
shown in Figure 7. Though the signals
shown in Figures 6 and 7 do not appear
to have precisely the same nonstationary
character, it is certainly conceivable -6
that the signal in Figure 7 could be 0 2.4 4.8
accepted as a plausible representation time, sec
of the environment affecting the system
if the true level of the response were Figure 6. Time history of a nonsta-

unknown. tionary random process.

The above two examples show cases 2
where a modest amount of energy above
the filter cut off frequency exists in
the original signal. As a result peaks
exist in the clipped and filtered signal
which are near or even above the clip-
ping level. This could lead one to
conclude that peaks near the clipping
level in the final data would indicate • 0
clipping. But other examples could be
given, which had more original high
frequency energy, where the peaks of the
clipped and filtered signal are well
below the clipping level. This further
increases the plausibility of the data.

The examples presented above show -22.4 . 4.8

that under some circumstances (not 0 2.4 4.8

defined at this point) random process time, sec

realizations that are clipped and fil- Figure 7. Time history of a clipped
tered can be mistaken for plausible and filtered version of the
representationo; of random process signal in Figure 6. Clipping
sources. The objective of this inves- level - 10000. Filter: four
tigation is to quantitatively stage Butterworth with cutoff
characterize what conditions are re- frequency of 1257 rad/sec
quired to make this mistake a (200 Hz)
possibility.

3. Analysis ot Clipped and Filtered
Stationary Random Processes transforming the autocorrelation func-

tion to obtain the spectral density of
3.1 Preliminary Discussion the clipped random process, (3) multi-

plying the resulting spectral density by
Given the spectral density or the filter gain to obtain the spectral

autocorrelation function of an underly- density oZ the clipped and filtered
ing random process and the clipping random process (when the random process
level and filter characteristics (when is filtered), and (4) inverse Fourier
the random process is filtered), it is transforming the result to obtain the
possible to approximate the spectral autocorrelation function of the clipped
density ind autocorrelation function of and filtered random process.
the clipped and filtered random process.
This is done by (1) approximating the The first step in the above
autocorrelation function of the clipped process, approximating the autocorrela-
random process as a function of the tion function of the clipped and
autocorrelation function of the underly- filtered random process in terms of the
ing random process, (2) Fourier autocorrelation function of the underly-
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ing random process, yields two formulasi
each formula is applicable under dif- R1 (1) - N(Y(t)Y(t+r)j . (2)

ferent circumstances. One formula for
the approximation of the autocorrelation When (1) is used in (2) along with the
function of a clipped random process is fact that (X(t)) is a normal random
known as the arcsine formula. It is process, it can be shown that the
available in the litersture (Reference autocorrelation function of (Y(t)) is

5) and is applicable in situations where approximately
the underlying signal is hard-clipped.
(Hard-clipping refers to clipping that Ryy (v) - (1 + 4 (albbl))Rxx(r) +
occurs at a level that is a fraction of
the standard devivtion of the original 4a 3
signal.) The other formula involves 3 (r) (3)
writing the autocorrelation function of xx
a clipped random process as a cubic
function of the autocorrelation function -4 3
of the underlying random process. This The coefficients of Axx (- and c Rxx(*)
latter formula is derived in this sec- in the above equation are functions of
tion with additional development in the the ratio of clipping to ras input
Appendix. level, a/#, and are plotted in Figure 6.

The mathematics that link (2) to (3) are
After development and presentation given in the Appendix. The autocorrela-

of the formulas described above some tion function, RI (), has the desirable
examples thit show the spectral density U
of some clipped and filtered random characteristics that as the ratio a/#

processes are presented. approaches zero, the autocorrelation
function approaches zero, and as the

3.2 Analysis ratio approaches infinity, the autocor-
relation function approaches R xx().

The problem to be investigated
in this portion of the study is the
characterization of stationary signals
that have been clipped and then fil-
tered. Consider a stationary random
process (X(t)) that is normally dis-
tributed, has mean zero, autocorrelation 1.0
function Rxx(r), spectral density

Sxx(o), and standard deviation a. A

clipped version (Y(t)) of the original 0.8
random process can be established by
operating on the original random process
as follows. 0.6 - 1-4(b a,)

YMt X(t) - R(X(t)-a)[X(t)-a;
- (-X(t)-a)[X(t)÷• (fl.

S0.4
where H(.) is the Boaviside unit step
function and a is the ilipping level.
The second term on the right clips the
positive peaks. The third team on the 0.2
right clips the negative peaks. The
mean of the random process (Y(t)) is
zero because the underlying random

process has zero mean and normal dis- 0.0
tribution and Y(t) is an odd function of
x(t).

The autocorrelation function of the -0.2 1
random process (Y(t)) can be obtained by 0.0 0.5 1.0 1.5 2.0 2.5
multiplying Y(t) by Y(t+r) and taking a/c

Figure 8. Coefficients of the terms:he expected value. [y(t)} is a sta- in (9).
tionary random process because (x(t)) is
a stationary random process and [Y(t)}
simply clips the peaks on (M(t)}; therp-
fore, its autocorrelation function is
simply a function of T. The autocor-
relation function is, by definition,
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The spectral density of the clipped a random process (Y(t)) is formed by
random process can be obtained directly clipping a random process (X(t)) as in
by Fourier transforming the result given the above formula, the autocorrelation
in (3). The spectral density is function of the clipped random process,

(Y(t)), is
lyy(6) - 1- 4(b 1 -al)]Sxx(w) 2.2 1 (-)

+4a 3 1  R 3 (-)- iWr dT.() Ryy (C)m~* sin- 2 (6)

) where, as before, R xx() is the autocor-

The second term on the right-hand side relation function of the underlying
is the Fourier transform of the cube of random process. Reference 5 provides
the autocorrelation function of the the derivation of this formula.

underlying random process. This opera- This is a random telegraph signal
tion must usually be executed whose sign is determined by the sign ofnumerically, though, under some cir- the underlying signal, X(t). The ap-
cumstances, it say be performed in proximation lacks perfect accuracyclosed form. The second term can also becaus. the model does not allow for the
be written as a double convolution of finiteness of the slopes of the realisa-
the spectral density terms. tions of (X(t)) for -a<X(t)<a. However,

We can make a few general comments when the clipping level, a, is much
ab he san ke of the spectral densenty smaller than the ras value, a, of theabout the shape of the spectral density random process (x(t)), little informa-

of the second term in (4). If the tion is lost in using the approximation.
autocorrelation function, Rx(¶), can be Note that the Taylor series expansion

written as a Fourier series we can see for sin- (x) is a sun involving the odd
that the cubing operation will generate powered terms of x, therefore, when (6)
third harmonic and sum-and-difference is written in series form it resembles
frequencies. The net result will be a the expression for R (T) in (3).
spectral density that is broader-band yy
and more-white than Sxx (o). The same The spectral density of the clipped
result can be noted by observing that random process can be obtained directly
Rx3(T) will tend to be of shorter dura- by Fourier transforming the autocorrela-
tn tion function in (6). The spectral

tion than Rxx(T). This also implies density is

xxt C) will have a broader )
bandwidth than Rxx ( The means by i(n a • j_"nI.

which and degree to which the bandwidth
is broadened becomes apparent when it is (7)
noted that the second term in (4) is the
convolution of Sxx(w) with itself, and For most underlying random processes the

the convolution of the result with autocorrelation function will be compli-
S xx(). Each convolution yields a cated, therefore, the spectral density

broader band result. cannot be evaluated in closed form.

The formulas dabove are As mentioned previously, the situa-The ormlasdevlopd aoveare tion of interest in this analysis
only applicable when the clipping level con a inalrtht is th clip

is greater than one fourth the standard concerns a signal that is both clipped
deviation of the underlying random and then filtered. The formulas
process source. However, when the describing the approximate spectral
clipping level is lower than one fourth density of a clipped, stationary random
the standard deviation of the underlying process are given in (4) and (7). To
source, an approximation for the statis- consider the effe~ts of filtering on the
tics of the clipped signal can still be spectral density of the random process,
obtained by use of the arcsine formula. let MZ(t)) be a random process that is
It is assumed that a clipped signal, the filtered version of {Y(t)). Let
Y(t), can be modeled as H(M), -- <w<-, denote the frequency

response function of the filter and
Y(t) - a[H(X(t)) - H(-X(t))] (5) Ih(w)lI2 its magnitude squared. Then the

where X(t) is the underlying signal, spectral density of {Z(t)) is

H(.) is the Heaviside unit step func-
tion, and a is the clipping level. When a89(w) - IH(w)I Sy(u) . (8)
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The autocorrelation function of the representing R (T) is cubed, the over-
clipped and filtered random process, xx
(Z(t)), can be obtained by Fourier all effect of each term producing a
transforming its spectral density. component with triple its frequency is

maintained. Beyond this, components
In summary, to find the effects of with many other frequencies are produced

clipping and filtering on a stationary, by the interaction between terms. Yet
mean zero, normal random process, one the production of "triple-frequency"
must first approximate the autocorrela- terms is a strong effect and will fre-
tion function of the clipped random quently be noted. In (6) the influence
process using (3) or (6), depending on of the cubic term is also strong and the
the clipping level. Next, the Fourier production of higher harmonic terms as
transform of the autocorrelation func- described above can also be noted.
tion must be taken to obtain the
spectral density as in (4) and (7). An example that expands on the
Finally, the effect of filtering must be preliainary example in Section 2 will
established using (8). demonstrate the point described above.

Recall that Figure 3 shows the spectral
3.3 Discussion and Example density of a mean zero, weakly station-

ary, normal random process. The
The expressions for the spectral density is sharply peaked,

spectral density of a clipped and fil- therefore, the appearance of higher
tered random process are developed in order harmonics upon clipping of the
the previous section. The spectral underlying random process should be
density is given by (8) and, depending plainly apparent. In fact, when (3) and
on the clipping level, this formula uses (4) are used to establish the spectral
(4) or (7) to express the spectral density of the clipped random process,
density of a clipped random process. Figure 9 results. The contribution to
These expressions, in turn, rely upon the spectral density of the clipped
(3) and (6) for their character. The random process at triple the frequency
functions in (3) and (6) express the of the fundamental contzibution is
autocorrelation function of a clipped present as predicted. The ratio between
random process in terms of the autocor- the spectral density ordinates of the
relation function of an underlying fundamental and harmonic contributions
normal random process. The functions in is about 50 to one indicating a ratio of
(3) and (6) are similar in character; contributions to the clipped randcm
their effect is to distort the values of process rms of about seven to one.

Rxx(¶) to yield values of Ryy(,). In

both (3) and (6) the functions on the
right hand side have a strong linear
component followed by a weaker cubic
component. (The arcsine formula in-
cludog all odd-powered components; as 100
the degree of the component increases,
its contribution diminishes.) A scale
factor on each function causes the root- .-
mean-square of the clipped signal to be
equal to or lower than the clipping 2
level. o10-

The form of the functions in (3)
and (6), the autocorrelation function of o
the clipped random process, has a strong P.
influence on the spectral density of theclipped signal. For simplicity, con- 40-1sider (3). If R xx() can be expressed 100 102 104

as a Fourier series, then each harmonic frequency, rad/sec
t erm in RXX () is affected by the opera- Figure 9. Spectral density of a clipped
tion on the right hand side in (3). The -andom process. The spectral
first operation on the right hand side density of the underlying ran-
in (3) simply scales the value of the dom process is shown in Figure
underlying harmonic term. The second 3. Clipping level = 4.
operation in (3) cubes the underlying
harmonic term producing, in the process,
a component with triple the frequency of
the original, then it scales this
result. When the entire Fourier series
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When the clipped random process is random process would simply be somewhat
filtered using a four-stage Butterworth lower than the highest values in the
filter with cutoff frequency of 251 realization of the underlying random
rad/sec (40 Hz) Figure 4 results. The process, and the low values in both
presence of the peak at 377 rad/sec (60 random processes would be the same. A
Hz) goes almost unnoticed even in this more difficult problem exists when the
simple, idealized example. This is clipping level ib low compared to all
always a •Otential effect with filter- values in the realization of the under-
ing. In a more complicated situation lying random process. la this case it
where contributions to the mean square is not obvious how the realization of
occur at many frequencies, the produc- the clipped and filtered random process
tion of mean square contributions at could exhibit any nonstationary trend.
harmonic frequencies can go unnoticed This is the problem investigated in
much more easily. Even if it is recog- these sections.
nised that mean square contributions are
occurring at frequencies exactly triple 4.2 Analysis
the frequencies where more substantial
contributions are occurring, the data The problem to be investigated
analyst cannot judge whether this effect in this portion of the study is the
is caused by clipping of the measured characterization of nonstationary random
data or true nonlinearity in structural signals that have been clipped and then
response. (Structural response non- filtered. Consider a mean zero, nonsta-
linearity can certainly cause this tionary random process {X(t)) that has
effect.) Therefore, a means is required normal distribution and the component
for judging whether or not clipping of fe"
measured data has occurred. This will
be discussed later in the pdper. N

4.0 Clipped and Filtered Nonstationary X(t) - - Ak(t)Wk(t) -- <t<- . (9)

Random Processes

The random process is formed from N > 1
4.1 Preliminary Discussion component random processes. The AkTt),

The problem of predicting the --<t<-, k-l,...,N, are deterministic
behavior of a clipped and filtered, functions of time defined for all times,

nonstationary random process is more and the (Wk(t), -w<t<-), k-i,...,N, are

difficult than analysis of a stationary mean zero, normal, stationary random
random process. However, there are processes with spectral densities,
nonstationary random process models Sk(w), k-i,...,N. The spectral den-

which include a high degree of sities are defined to be nonzero for
generality and which can be operated on, 2t

that lead to conclusions useful in 'Ik < S16)2k' k-l,...,M, where w2k w
assessing the practical behavior of k-l, ; that is the com-
clipped and filtered, nonstationary ,k+l'- . t i e

random processes. Such a model is ponent random processes do not overlap

specified in the following section along in the frequency domain. Furthermore,

with the equations necessary to ap- the component random processes (Wk(t))

proximately evaluate the mean square of and IWA(t)} are statistically independ-
a clipped and filtered version of the
random process. It is rather difficult ent for k # I. Each function Ak(t) is
to establish specific behavior directly defined to be "slowly varying" with
from the equations as written, there- respect to the time scale 2 n/&lk. The
fore, two specific cases are considered.

Finally, discussion and an example are mean square of the component random
presented. process k( ) is denoted a,2

As stated in the Introduction, the k-l,...,N, and is defined

present problem is to establish the
conditions under which the realization 2 2.
of a clipped and filtered, nonstationary k k
random process might reasonably be
mistaken for a realization of the under- At time t a spectral representation
lying random process. It is clear that, o t t a pral represeation

if the clipping level is of the same of the random process (X(t)) is avail-

order of magnitude as the highest values able and is given by

in the reaiization of the underlying 2
random process, some confusion might 2
easily occur. The highest values in the Sxx(ut) A k(t)Sk(w) (11)

realization of the clipped and filtered kul
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This is obtained by Fouvier transforming
the wipected value of x(t) times X(t+r) S yy(Wt) - 1xx(W t)
with respect to v, and noting that A (t)

varies slowly. This can be interpreted
as the spectral density of (X(t)} at
time t. The mean square of the random (15)
process at time t is

The filtered form of the clipped
(t) 2 2 (12) random process is the quantity of inter-

)- Ak(t)k) eat in this analysis, and the mean
square of this quantity provides one
measure useful in judging the non-

Based cn (4), a spectral descrip- stationarity of the random process. The
tion for {f(t)), the clipped form of effect of a low pass filter is to retain
(X(t)), can be established at time t low frequency components and to
It is eliminate high frequency components,

therefore, a filtered version of (Y(t)},
S-- ((, t) - Q a ( I denoted (Z(t)), might simply eliminateyy1\e/ S thigh frequency components in jY(t)) and

retain low frequency components. Let WC
+ Q (-- S( 3 )(w,t) be the cutoff frequency of the filter,

2 \(.t7)/ XX and let W2N - wc be the upper frequency
0

-. <w<-, -. t- . (13) of the band corresponding to the com-
ponent numbered Nc in {X(t)). Then the

The clipping level is a, which is small c
compared to the rms of (X(t)}, a x(t).

The function 1(a/c (t)) represents the 2 JOC
coefficient of the first ter on the at) - S(,t)d,-<t< (16)

right hand side in (4). The function c
Q2 (a/ux(t)) represents the coefficient From (12), (14a), (15) and (16) the
of the second term on the right hand approximate expression for the mean
side in (4). Based on the expressions square of the clipped and filtered
given in the &ppendix, b 1 , a1 , and a3  random process is

can be evaluated for small values of
a/ux(t), yielding expressions for a2 N 2 2

Ql(a/ax M) and Q2 Ca/Ox(t)), as Xs(t) R 2 U k- Mwik

0 la/a Mt) ':- 

ý AkM -

1 x x(_V(17)

a << OX(t) (14a) This function will not, in general, be a

constant, and, in fact, depends on the

Q2(a/.1 Ct)) 0.09 (a7 2, relationship between the low frequency

parameters of {X(t)), AkMt) and a2

5<< Wx(t) (14b) k-l,...,Nc, and the high frequency

Because Q2 (x) is smaller than parameters of {X(t)k, Ak't) and
0(X), and because the second term in k-Nc+1,...,N. Further, recall that the
13 second term in (13) was discarded to

(13) is, basically, a producer of higher develop (17). The omitted term would
harmonics, the second term in (13) is certainly have some effect on the mean

dropped to form the following approxima- square of {Z(t)), but it can safely be
tion for 8 (6,t). said that when the right side of (17j is

yy a time varying function, inclusion of
the omitted term would rarely, if ever,
change this.
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Consider some special cases to 4.3 Discussion and txample

clarify the behavior of a clipped and

filtered random process. First, con- The analysis in the previous

aider the case where section showed that the mean square
value of a clipped and filtered, nonsta-

A (t) - A(t) k-i,...,, tionary random process is not
( necessarily a constant. In fact, the

approximate analysis shows that the mean

This is the case where all the coeffi- square of a clipped and filtered, non-

stationary random process will rarely be
cient functions causing nonstationarity a constant. The analysis relied upon
in jX(t)) are identical. Use of (18) in the simplification of a spectral expres-
(17) permits the factorixsto on and sion for the clipped and filtered random
cancellation of the Ak(t) terms yielding process, but it probably does not affect

the result the accuracy of the main conclusion,
that is, that a hard clipped and fil-

mc tored, nonstationcy random process can
display nonstationary behavior. The

a2 k•I Ok2 reason for this is that the term

0!(t) - 2a k- , <t< . (19) eliminated in (13) will probably almost
N a never cause an expression like (17) to

kappear to be a constant; this would

require very complicated and restrictive
behavior of the elements of (9).

This result is not a function of time.

Therefore, based on this approximate we cannot specify, in general, what
analysis, it can be concluded that the behavior is required of the elements of
mean square of a hard clipped and fil- b

tered, nonstationary random process is a (9) in order to yield a clipped and

constant if every frequency component in filtered, nonstationary random process

the underlying nonstationary random that displays a 8Vecific behavior.

process is modulated with the sane However, an example is presented that

function. shows, for one specific case, the
results that can occur. This is an

As a second special case, let K-2 expansion of the preliminary example in

and MCM1. Then the approximate mean Section 2. In the preliminary example
it was stated that Figure 6 represents a

square of (Z(t)) is realization of a nonstationary random
process. In fact, the nonstationary
random process has two iomponents;

2,t) 2a 2  1 realizations of those component random
"R Alm \ processes are shown in Figures 10 and

2 11. Figure 10 is the low frequency

S+ I component is a four second segment
of band-limited white noise with sional

content in the range 6 rad/sec through
-.(20) 1257 rad/sac (1 Ha through 200 Hz) and

The mean square is a function of time, spectral density, 400 (rad/sec)-1,

but the degree of variation will be multiplied by the modulating function

quite weak if A2 (t) is much less than

A1 (t) and/or a2 is much less than l.. Al(t) - 1 + 50 -A'5t , t > 20 . (21)

In view of this approximate analysis, it
can be concluded that when a nonstation- Figure 11 is the high fraquency com-

ary random process consists of two ponent. It is a four second segment of

component parts, as defined in t14), the band-limited white noise with signal

clipped and filtered form of the random content in the range 1257 cad/sec

process will have a nonconstant mean through 2513 rad/sec (200 Hz through 400

square if AI(t) 0 A2 (t). The variation Hu), ane spectral density, 10,000.

in a(t) will be substantial if the term The components in Figures 10 and 11
are summed to form Figure 6. The result

in braces on the right in (20) varies is clipped at a level of 10,000 units
greatly from values less than one to and then filtered using a four-stage
values much greater than one. Butterworth tilter with cutoff frequency

of 1257 rad/sec (200 Hz). The result is
shown in Figure 7. The clear non-
stationarity in Figure 7 results from
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the fact that component one, in Figure occurs infrequently the possibility has
10, starts near zere, is very small serious implications.
toward the end, and is greater than
component two, in Figure 11, between the It would sees appropriate to add
times 0.2 sec and 1.4 sec. some kind of an overload detector to the

instrumentation to avoid this problem.
A simple peak overload detector does not
seem appropriate because a few clipped
peaks will do very little damage to

S'.random data. A simple peak detector
would detect even a single peak which

4 .exceeded the clipping level. A better
idea In to measure the rectified average
of the data before any filtering. For a

10 severely clipped signal this average
0 M will approach the clipping level.

" 4 .. Unclipped data will have an average much
less than the clipping level. For
normally distributed random data the

average will be 427m times the standard
deviation. The time constant of the
"averaging circuit would be set by the

-5 bandwidth of the input data to give an
0 2.4 4.8 acceptable error in the estimate of the

time, sec rectified average, and the duration of
Figure 10. Component number one of the event to be detected. The rectified

.the signal in Figure 6.- average is compared with a predetermined
voltage level which represents a frac-
tion of the clipping level. When the
rectified average exceeds the reference
level an overload detector is turned on.
The overload detector could be sampled2 and reset at a low rate. This simple
method would eliminate the possibility

4 of undetected errors addxessed in this
o0 paper.

U Appendix -- Development of

S0 Autocorrelation if Clipped Random
4 Process

'-4

The mathematics connecting (2) to
(3) in the text are presented in this
section. When (1) is used in (2) the
result is

-2 --4 R (-) - 3((x(t) - I(X(t)-a)[X(t)-alo2.44.
time, sec

Figure 11. Component number two of
the signal in Figure E. (X(t+T) - R(X(t+r)-a):X(t+r)-al

- 9(-X(t+i)-a)(X(t+v)+al)] . (Al)

When the product on the right is ex-
ecuted the result is the expected value
of nine terms. The first is X(t)X(t+v);
the second is -X(t)H(X(t+r)-a)(X(t+T)-
a), etc. The expected value of the

5.0 Conclusions and Recommendationa first term is Rxx(T). The expected

We have shown that the real danger value of the second term is
of producing erroneous but plausible
data can result from the analysis of Xi-d xapX (lX)(2
random data which has been clipped and - 1 2- ) (2 )
filtered. While this error probably a
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where the expected value is written in
terus of the joint probability density Ii(p) - 0 , * - -1 (A?)
function (pdf) of two random variables.
I identifies with X(t), and X2 iden- Consider next Il(p) at p - I. In

tifles with X(t÷r). The joint normal this situation X1- X2 and (A4) is the
Ixlf in expected value of (X-&) 2 (X-a), where X

x dotw is a mean sero normal random variable
PX1X2 2)l- with variance 2, and W(.) is the

reaviside function. A straightforward
evaluation yields

1 2 2exp(- 2- 2 (x_1-2px1x2+x 2 )) 2 e )(l _ *(I), _
2(1-p , -Ol ( 2 2 I a -

-mXl w,-ox2(e (A3)1a2

OXP (-7(;) I (AS)
The expected values of all the terms in
(Al) can be written in a similar when p w 0 the cross terms in (A3)
fashion, and all can be evaluated by vanish, therefore, (A4) is easy to
establishing expressions for two in- evaluate. It is
tegrals; these are

1 (0) - (all -

11( p) J dx1  I dx 2  (xl-a)(x 2-a) ) a 2 2 0

PXIX2 (X 1 x 2 ) (A4) 72 es 1 ; W )12 (A9)

12(p) - Finally, au/Sp can be evaluated by
0 is 2 x(x 2  knowing 8p,1X2 (xx 2 )/8P and using it in

PXIX2(XlX1 Y(A5) place of pX1 1 (xxlx 2 ) in (A4).

I
both these expressions can be atcurately p Px1 X (xl'x 2 )lp-0
approximused.

Consider first 12 (p). When (A3) is x x2

usod in (AS) the xI integral can be--- P~lX2 (x,,x 2 )1•.o (A20)

executed, and the remaining integral is
'elated to the standard normal cumula- Appropriate use of this expression

tive distribution function (cdf). The yields
result is 01 (0) 2

,I2 - * a ) -bp (A6) . a [1 - (A)] , p-0 . (All)

based on (A7), (AS), (A9) and (AlO),
where *(.) is the standard normal cdf. 1l(P) can be approximated

The integral 11 (p) Must be 2 2 3

evaluated differently. We do this by 11(9) " (a0 + alp + a2 p + a3 p ) (A12)
evaluating Ii(P) at p - -1, 0, +1, and

evaluating 4Il/SP at p - 0, then using where

the results to write a cubic approxima- 1 1a 2 aa 2
tion to I (W), -1 < p j 1. Consider aO " ( oxp [-(!) I - #11 -

Ii(p) at p - -1. in this situation

PX1  (x x2,) Is a delta function with a w 2

nonseso values only above the line a2 -

-*I. Use of this fact in (A4) yields
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Tho formulas (A6) and (A12) can now 0.-
b.4 used to establish the approximation
for R (~)�) Thh integrals like (A2) 0.-

that rbsult ._ the expansion of (Al)must first be written in terms of 1 i() 0.4

and 12 (P). The result is 1

R( xx (.) + 2(11(P) - I1 (-P)

-
2 1 0(,)) . (413) o

When (A6) and (A12) are used in (A13) 0 7
the result is (3) in the tpxt. In •2 O. 0__I ,
developing (3) It is recognized that pa 0.0 0 0 0.6. 0.8 lO

- P - % •(.-)/ a

To check the accuracy of the for- Figure Al. Autocorrelation function
mulas in (AG) and (A12!, they were of a clipped signal as a
substituted 4 nto (A13) and compared to f untion of, correlation.
the case where (A4) and (h5) were in- coefficient of the under-
tegrated ruaericuily and ted ir (AM3). lying signal. a/a-i.
Figures Al and A2 show f-oaparisons o0

R,, cr)/a 2as a function -,f P for the .
le -- oxinatioi, (solid line) and the
t. rical estimate (pointa). Figure Al
13 the case where a/c - 0.M ; Figure A2 0.6
is the case where ,/•, - 1.3. The 0.6 -
greatest error appears to be lower than

meferences 01-/0.4

1. Nelson, D., In aral presentatiorn at
Sandia Nationpl Laboratories, he .
raised the issuts addressed oy this 0.2"-
paper in June and July, l9e5.

2. Jung, r.., Stephens, M., Todd, C., 0.0 '-
"An Overview of SID and TIM, Pact 0. ®r 0.2 0.4 .6 0.8
I," Audio, V. 63, June, 1979. P (r)/c2

Figure A2. Autecorrelation function
of a clipped aignal as a
function of correlation
coefficient of the under-
lying signal. a/a=0.5
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FULLY TURBULENT INTERNAL FLOW

EXCITATIUK OF PIPE SYSTEMS

J.M. Cuschieri. E.J. Richards. S.E. Dunn
CENTER FOR ACOUSTIC3 AND VIBRATIONS

D~partment of Ocean Engineering
Florida Atlent.c University

Boca Raton, FL 33431

The excitation of pipe systems due to the internal flow turbu-
lence is examined. The rasptnse of a pipe structure excited by
a fully turbulent Jnt .nal flow ic described in terms of a forc-
ing function dependent on the turbulence pressure spectrum and
the corresponding functions of the correlation areas, and the
mechanical mobility of the pipe structure. The resulting form
of the pipe response is exavin+d for both air aria water flows
with comparisons being made to previously published analytical
and experimental results.

S TTRODUCTION sources be classified in importance.
Thus it would be convenient that if an

The excitation of pipe systems energy method is used in the analysis,
due to the internal flow can contribute a consistent form of expressing the
significantly to the total vibrational energy transferred to the pipe section
energy on board naval vessels. There by each source should be developed.
are a number of sources that can excite The energy transferred from each of the
a typical pipe system and in general above sources to the pipe system can be
these excitation sources can be divided expressed in terms of an equivalent
into four types: forcing function and a structural point
(1) The excitation of the pipe wae.t response of the pipe. Thus the task of
due to the internally fully developed classifying the sources would reduce to
turbulent flow. obtaining equivalent force terms for
(2) The excitation of the pipe wall each of the sources. In this paper em-
diLe to acoustic waves propagating in phasis is placed on the energy input
thc incernal fluid. from the fully turbulent flow excita-
(3) The excitation of the pipe by tion. However, the results are also
exte.-nal mechanical forces which have a useful in the analysis of the energy
defin.id point of application, input from the enhanced turbulence
(4) The exritation of the pipe wall by excitazion due to separated flow near
enhanckd turbulense created by pipe fittings.
separated flow near pipe fittings,
valves, ,tc. Extensive work has been done on the

excitation of pipe sections by the
The excitation from unbalanced internally fully developed turbulent

acoustic forces near pipe system bends flow for both air and water systems.
or bifurcations can be included with The result of previous work is
excitation type (3) since the location generally in the form of a joint
of these types of sources is defined, acceptance function initially
Acoustic waves propagating along a pipe introduced by Powell [2], which matches
section have to change direction when a the excitation with the response of the
pipe bend 's encountered. The change in pipe structure. This approach is only
direction and the d.'ff2rent areas of necessary for low frequency analysis
pipe wall at che bend over which the where individual modes have to be
acoust4 -• pressures act create studied separately. For medium to high
unbnlai• ed forces [1]. frequency regimes, where the modal

density is high, some approximations
In developing vibration control can be applied to the joint acceptance

solutions for a piping syatem, it would function to obtain an expression for
be required that the above excitation the vibration level or the input energy
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to the pipe structure in terms of the function which if then substituted into
internal turbulence pressure, the Equation (1) a relationship for the
associated correlation area and the pipe response is obtained. Since tde
point response of the pipe structure. dertvations of the correlation
The combination of the pressure and functions has been done in a number of
correlation area is required since the references, rather than repeating these
energy that escapes into the pipe derivations here, relevant results from
structure depends on the level of force selected references that deal with air
excitation and not simply on the and water systems separately, will be
pressure excitation. Thus, axial and stated.
circumferential correlation lengths of sae
the pressure fluctuations will be WATER FLOW SYSTEMS
included in the forcing term.

GENERAL PIPE RESPONSE Extensive work has been done by
TENEL rPonsE R O apipestClinch [61 in developing the expression

for the rjoint acceptance function for
excited by fully turb t pipesrutue water flow in pipe systems. The ex-

excited by fully turbulent interital pression for the joint acceptance
flow can be given in terms of a forcing function is obtained in terms of two
function, which is dependent on the components for a pipe with its axis
turbulence pressure spectrum, the along the x-direction.
mechanical impedance or mobility
function of the pipe structure and a J2(,) - Jx2(w). Jy 2 (•) (3)
joint acceptance function;

where Jx 2 (*) is the axial component,a2m (x,y) +p (a) A2 J2) given by

< ) 1 (,2 (1) 2 c U2

where < denotes spatial averaging, Jx ) L" + OTFL
am (x, y) are the mode shapes of c ' (4)
vibration. *$(w) and *d(f) are the where
power spectral density functions of the Lx is the axial correlation length;
turbulence pressure and the pipe wall and Jy2(o) is the circumferential
displacement vibrations respectively, component given by
A is the surface area of the pipe,

i(*) is the impedance of the mn th 2 a [ ]
e and J2(w) is the joint 2 - L -(

acceptance function. y 2 (5)

The joint acceptance function is a where Lv i. the circferential
measure of the effectiveness of the correlation length. Since Ly (( a,
turbulence pressures in exciting where a iF the radius of the pipe
specific modes of vibration within a
particular frequency range. In general 2 Lv
the joint acceptance function is given J () (
by [2]; (6)

Thus

j 2 (w) .1 f f f / f(x 1'Y1;x 2y;0) T j2 (,)a UC 2

*zr.(xl'yl)*mn (x 2 ,y 2 )dxldyldx 2 dY2  which for low frequencies, simplifies to

(2) LXL
Rf represents the spatial correlation . (.) - (8)
between the pressurew at points (xl,
Y!) and (x2, Y2) in a narrow frequency and for high frequencies
band he centered on *; A is the surface
area of the pipe wall and a.. (x, y) j(0) U1

are the mode shapes. l a (9)

For a convected turbulent wall The low frequency expression for
pressure in a longitudinal flow di- the joint acceptance function assumes
rection, space-time correlation that tbe turbulence pattern travels
functions have been developed in unaltered downstream at a convection
references (3.4 and 5]. These peed of Uc. At low frequencies the
functions can be substituted in the speed tof . low frqe ncies ter
expression for the joint acceptance correlation area given by Lx Ly is very
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small compared to the w.ve length and Thus
thus the excitetion can be considered 2% 1 AN IP(O)IA 2waL
as being equivalent to a point force. <i> "2w * AN 2Pa )h2 A1wa

The high frequency expression shows C 14)
that the excitation is not due to the
pressure acting over a small area over where IP(*)1 2 is the spectrum of the
which the pressure is correlated. The pressure, and
area represented by Lx Ly becomes too
large compared to the wavelength, in 2w 1 AN 1
which case the high frequencies cannot <+d)> =- 2 +p 2a " Aw (15)
be excited. This would be the case had Peh
the turbulence pattern been stationary,
that is nonconvected. However, which is similar to the exp-ession
turbulence eddies are propagating given by Clinch.
downstream with the convection velocity
Uc. Thus each eddy, although of a size
which is too large compared with the
wavelength, is rolling along the length
of the pipe exciting the high 10-8
frequencies due to this "rolling ball"
effect. Thus the input energy E

expression can still be given in terms
of a point force and a point response. 4.

That is the input energy into a pipe

structure due to the internal fully
developed turbulent flow excitation is
given by (a)

o0-10
Ein- 1/2 [#p Ac 2waL] Real [M(t)] (10)

where M(a) is the point mobility c_
response of the pipe structure and 1o-

Ac - Lx Ly at low frequencies, and

Is uc2 10" 12

C at high frequencies (11)

This result can be compared to the
analytical and experimental results 10-13
obtained by Clinch. In his paper Clinch
expressed the result in terms of the Strouhal No. fd/L6
spatial averaged mean squared value of
the displacement for a finite length of Figure 1.
pipe isolated from the rest of the pipe Comparison between the results obtained
system. Therefore in this experiment by -1linch and the results obtained
the Pnergy that escaped into the pipe using equation (15) for the displace-
coula only be dissipated or radiated as ment power spectrum of the pipe wall.
acoustical energy out of the pipe. (a) Experimental results by Clinch; (b)
Setting up an energy balance for a and (c) low and high frequency
single isolated pipe section the input asymptotes of equation (15); +---+
energy can only be dissipated due to Theoretical results obtained by Clinch.
structural damping and radiation
damping. Thus Figure (1) shows a comparison

between the experimental results
Ein- Ediss - -3 Peh 2wa L q < .2> (12) obtained by Clinch and the results

obtained by using the above expression
where Pe is the equivalent density for the response. In computing the
taking into account the effect of the response the results for the measured
water loading, (<2) is the spatial correlation areas and the pressure
averaged mean square value of the power spectrum from Clinch's work are
surface displacement and n is the used which are shown in Figures (2) and
structural and acoustic damping of the (3) respectively. rgure (4) shows the
pipe. Also equivalent density term as a function

of frequency; note the increase in

R2 __2N apparent density at low frequency
Real [M(o)a pW ( ) (13) because of the water added mass effect.
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a 2. Theoretical Curve t~a = .L ( thI~

Figure 2. Figurha 4. d/, Frequency K~z
Low and Thigh frequency asymptotes for Fiag*r ofefctv.esiywt
the correlation areva. (a:) Measured Chaqunge for effectierfo denit with t
correlation areai by Clinch; (b) low fatrqec fordn ae wate flo ( yte du to
frequency asaymptote; (c) high frequency Vt~laigp 5 ( 3
asymptote. At a flow speed of 1.5 m/s 5
In a 5 ca pipe a Strouhal go. of 1.0aa7C11
corresponds to 30 Ha, and at a flowLa6.m
rate of 9 Wes it corresponds to 180 .

a arnsu Theweteflel Carvo. "Gobi (11962
C"Low Frequency -2 ____t_ 30L__1_4o

Noise We-/N = T" ' cb

Va .4 .8 1.2 1.6

U
010-7 -Figure 5.
W1 Mean point mobility response for a
s. water-loaded thin walled cylindrical

I ~shell.

10 FlOW Velocity. U0D AIR FLOW SYSTEMS

0 .7niS Present Work on the analysis of air flow
a 11.4 ni/s Reou.1to

I 13.2 rn/s jsystems is more extensive than that for
0 - water flow systems. Bull and Rennison

Z ---- Averaged ISpectrum j.7], Bull and Norton (8], Reethof [9).
Ultowel (1962)Fagerlund (10], onae just afew,

10-9 -d 0. developed relationships which are
0.1 10 1.0 10.0 enerally based on the joint acceptance

Strouhal NO. fd/U.". function. Bull 17) from the general
result stated In Equation (1) developed
an expression for the noise radiated

Fiue3. from a straight pipe section due to the
Figureexcitation from the internal turbulent

Internal turbulence prossure spectrum f lowv. This expression incLida*s tt.e use
measured by Clinch and used In this of the joint acceptance function,
analysis for water flow systems. defined similar to Equation (2).

Figure (5) shovs the mean structural Following a similar analysis a~n for the
repneterm Real [i4(a)], also water flow systems an expressiot: for

mdfefrmteresponse o the :1nput energy can be obtained in

cylindrical shell in a vacuum because terms of the point response o~f the
of the added mass effect which is pipe. the turbulence pressure spectrum
included In the P. term. and a correlation area expression



obtained from the joint acceptance change in the frequency with increasing
function. The expression for the axial wavenumber is very slow compared
energy input thus obtained is as to the structural mode, complete
follows; coincidence for this mode occurs close

to the cut-off frequency, that is the
2 radiation efficiency should be unity in

1 L h CLP 0 this frequency band. If this is taken
E 4 al (o 0) into account good agreement is alsoin p x achieved in this one-third octave

Real [M(a)] (16) frequency band. Figure (7) shows the
frequency averaged point mobility

where CLp is defined by response for the pipe structure which
E 1E (17) is different from the one shown in

SLPFigure (5) because in this case the
CLP pe (1-•)2 fluid loading effect is negligible.

Figure (8) shows the internal

u is the ratio of the convection turbulence pressure spectrum measured
velocity Uc to the mean flow velocity by Bull. Both results in figures (7)
and No is the flow mean Mach number. and (8) were used in the above
In obtaining the above expression the computations of the radiated acoustical

following approximations were made: power.
(1-y2)4. aI and 4/(,4Y6) a 0.5. In,

(l-yP 1 nd /(w~6) 0.5 InDISCUSSIONJ OF THE RESULTS
the expression for CLp an equivalent
density term is used. However, in the
case of an air flow system, the In the two expressions obtained for
influence of the internal medium is the input energy due to excitation
negligible and thus the equivalent from the fully turbulent flow an
density is equal to the density of the important requirement is information on
material of the pipe structure, ~the nature and magnitude of theaPa. turbulence. A parameter which appears

This expression, Equation (16), is in both the water flow and the air flow
for a straight pipe section which can expressions is the convection velocity
dissipate the energy either through of the turbulence, Uc. This has been
damping losses or through acoustical measured in a number of references [6,
radiation. Using this expression to 11], and is typically a constant with
obtain the surface vibration level and frequency, equal to approximately 627
introducing a radiation efficiency term of the mean flow velocity. This value
for the pipe wall Orad, the radiated for Uc was used in the above calcu-
noise energy in one-third octave lations.
frequency bands is given by 50

- Am "rd 2wal,
Erad (p 7 ) ishq m 40.

L h CLp u a.
(s- )Real [M(a)] 30-

(18) :3
0This expression is similar to the one • 20.

developed by Bull for the noise
radiated from a straight pipe section
excited by fully turbulent flow. The M 10-
results obtained for the radiated noise
in one-third octave frequency bands
using Equation (18) a-e compared to the
experimental results obtained by Bull 100 1000 10000 100000
in Figure (6). The agreement in the Frequency Hz
results is good, especially in the
shepe of the spectrum for the radiated Figure 6.
noise power, also, the estimated levels Comparison of experimental data to
and sound power levels measured by Bull estimates obtained using equation (18)
are in close agreement. There is some for an air flow system with Mach No.
discrepancy between the estimated and 0.22. * estimated data; _
measured levels in the one-third octave estimate-d data with modified radiation
frequency band centered on 630 Hz. efficiercy; _._t experimental data
Within this frequency band exists the by Bull.
cut-off frequency of the second higher
order mode. Because the relative
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lengths, Equation (8). For a 5cm
0 diameter pipe and a flow speed of 1.5

mWs low frequencies would be less than
approximately 50Hz, while for a 9 m/s
flow rate, low frequencies would be

-Iless than approximately 200 fiz, Figure
(2). Thus for most of the frequency
range of interest, in the audible
frequency range, both for air and water

W flow syi tems only a ratio of these two
Li correlation lengths is required. The

value of this ratio can also be found
J •in a number of references and in

,general it is a constant and
independent of frequency with LviLx

_ being equal to approximately 0.2 This
i ' ,, ,,implies that the only turbulence in-

. 1 10 100 formation required is the amplitude and
frequency content of the internal

FREQUENCY kHz turbulence pressure.

Figure 7. Comparing the two results for the
Point mobility reip-nse for a air flow systems and water flow systems
cylindrical shell below the ring the input energy is, in the case of air
frequency, diameter of shell 0.363 cm flow, dependent on the flow Mach
and thickness l.4am. number. The reasonb for this flow

velocity dependence in the case of air
.1 systems, are, the cut-on frequencies of

the high order modes decreases with
N increasing mach number and the speed of

pripagation of these spiralling modes
is a function of the flow velocity.
Thus, as the flow mach number
increases there will be more

0 .01 propagating modes and more of these
Z modes become coincident with the

E structural modes at lower frequencies.
This will result in more vibrational

L energy being transmitted into the pipe
structure, and hence the transmission

o0 loss of the pipe wall will decrease

C with increasing flow speeds. In thee.001 case of water systems i:he flow mach
* number is negligibly small and thus
I..

there is no effect on the higher order
modes compared with the no flow

*m * condition. In this case coincidence

a. between the structural and acoustical
modes does not occur within the

.0001 , lol I I 1 audible frequency range for general

1 10 1piping systems and the water inside the
pipe act as a reactive medium. Thus

FREQUENCY kHz for water systems the energy input into

the pipe structure is independent of
Figure S. the flow speed. This dependency on the
Pressure spectrum as measured by Bull flow mach number to the power of two
for air flow systems. s n soe for air systems explains the 6 dB
experimental results; ___ best fit chan~e per doubling of flow speed for
curve. The flow mach number is 0.22 the transmission loss of the pipe

obtained by Holmer and Heymann (121.
Two other important parameters are

the correlation lengtha in the axial Another observation is that the
(Lx) and circumferential (Lv) input energy expressiors are
directions. The absolute vhlue of independent of the size of the
these two parameters is only necessary turbulence (especially at high
in the case of water flow systems at frequencies), they are only dependent
low frequencies where the value of the on the ratio of Ly/Lx. Therefore these
Joint acceptance function is dependent expressions can also be used to obtain
on the product of these two correlation the energy input near a pipe bend or
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fitting where separation of flow or on experimental data which can be used
enhanced turbulence exists. In regions to predict the amplitude and frequency
of 80parated flow with enhanced content of the turbulence peessure
turbulence the increase in size of the spectrum for undisturbed fully
turbulence will be similar in both the turbulent flow and also for regions of
circumferential and the axial separated flow.
directions, thus the ratio Lv/Lx will
remain constant at 0.2. The bnly REFERENCES
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THE EFFECTS OF ROTOR UNBALANCE ON THE VERTICAL

RESPONSE OF A SOFT-MOUNTED BLOCK
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Lagrangian dynamics is used to derive the equations of motion for two, overhung,
unbalanced rotors attached to a rigid, soft-mounted block. Solution methods are
established for the associated elgenvalue problem and for steady-state response.
For a particular set of parameters, predictions are made for the critical speeds,
the steady-state vertical block motion, the cross-talk between rotors, and the
effect of rotor speed detuning.

x
HINGE OF ROTARY DISK OF

I NTRODUCTUIuON STIFFNESS•I MASS m

Rotating unbalance is a common source of BEARINGS
vibration excitation. Electric motors,
turbines, automobile engines, and gyroscope
wheels are examples of such sources. Often
these rotating elements are mounted on block- z ----
like structures that are separated from a
foundation by vibration isolators. The block is
then actively excited by the rotating unbalance
and responds by oscillating on the low-impedance
mounts. This paper considers such response for x INNER LINK
the special case of two overhung rotors. The OUTER I
rotors are allowed to have different spin LINK OF m

speeds, different angular orientation in a z Y LENGTHI

vertical plane, and different amounts of 3

unbalance. Fiyure 1

MODEL OF THE ROTOR Although the above hinge model is appro-
priate for some applications, other applica-

The rotor model is shown in Figure 1. A tions are better served by a shaft with
rigid, circular disk of mass m is mounted on a distributed elasticity. This modification
massless shaft. The shaft is modeled as two would nct change the method used below but
rigid links connected by a hinge of rotary would change the various energy expressions
stiffness k. The hinge is assumed rigid and the form of the equations of motion.
against translation. The inner link of the
shaft is supportee by rolling-element bearings If the translations of the rotor center
that are mounted concentric with the spin axis are denoted by u and we, see Figure 2, and if
y. The outer link, of length s, supports the uRwR <<s, the Itrain Inergy in the rotary
overhung disk whose mass center is offset from hinge can be written
the spin axis by a radial distance e. The 1/ 2) 1, )2
rotor, links, and hinge all rotate about the UR - 2 + 1 (1)
y-axis with angular speed P.
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xI B

DISPLACEMENT .R 2

I uRY

00 z ROTOR 2
DISPLACEMENT TOR1

Figure 2
The coordinates of the rotor center of gravity C1  C2 c3

are x
UR + esinot (

S + ecosaIt z Figure 3

so that the translational kinetic energy of the ROTORS AND RL.CIK
rotor is

T 1 [Cd (uR+esinnt)) 2  The strain energy for rotor I isYma (uT eint] (3) I k 2 ,• 2T1  i d ( URI 0 i(Z) UR + {2)rin

+ 7 m[Tt- (wR+ecosat)] 2

which becomes and the kinetic eneryy is
1I 1. 2 2 1 wc 2 2

= ~fIMR + 20VR2 + mu R eaCoSat T ,n( j R1 ~(R1 WI(4) Il

1 2 + mil~ eui1 + me Cosa tS•Rensinnt + -m(en) RI1N11ICO1IlI

The expression of rotational kinetic of the -- m'elglsinnlt
rotor is more complicated but may be shown to
be [1, appendix A]

x 1x. 2. 2 1 2_ URWR whereuI UR1 + XB
T2 = 7  UR +WR ) + y(n- (a) (5)

w WwI -RI

where, by syimetry, 1 Ix Similarly for rotor 2
The terns Im(eg) 2 in (4) and I I n2 in (5)

represent the k~netic energy of thl udeflected UR2  -7 (-2) uR2 +½(2-Z) WR2 (10)
rotor. As such, they will disappear from any
subsequent equations of motion and will be
dropped at this point. 1 *2 + 2 2

TR2  '?((u2  + V2' + w2 )
MODEL OF THE BLOCK I I x (6 2 2

+7 (7) (~ +wR 2A block with two overhung rotors and three 7

vibration isolators is shown in Figure 3. The 1c2
roters are oriented as shown with angular speeds - (uRýwR2) + "2e2co-2t
nI and n2 about %'1 and Y2 . The block is assumed s
to be rigid with mass M tnd to translate in the
vertical (X ) direction without rotation. The - 1m142e 2n 2sing2 t (11)
strain enerly of the block is

U I K XB2 (6) where u2  U R2 + XBC OS

where K8 -C1 + C2 + C3. The ý'retic energy of w2 =w R2
the block is

I Mi() 
v2  = XBsinBTB =½MB2 7
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It can be noted that the only distinctions K - k/s2
maintained between rotors 1 and 2 are the terms

a11 and n 2 ,e 2 . k2 KB

The strain energy and kinetic energy of the {F)T . {m* l12Sinn t, me1 2 cos21t,
combined rotors and blocks are me2 2s2inn2t, me2n22 cosQ2 t,

U U UR1 f UR2 + UB (12) me1Q12 snn t+ 2me n2cosssina t}

1 1 sn 1t if~ 2 csln2tT TRI + TR2 + T (13) {6)T .{URlWR1,UR2'WR2,XB)

EQUATIGNS OF MOTION
EIGENVALUE SOLUTION

The expressions for U and T given in (12)
and (13) can be used in Lagrange's equations to Consider equation (14) with {F) - (0).
give [1, appendix BI Define

[M]{0 + [GJ({b + [K]{6) - {F) (14) fy} - (8i) T

where and use this change of variable in (14)
rM 0 0together with the identity

0 M 0 0 0 [[MIJO)] {4} +[[o1. [M]](y1 - {01 (15)

This gives
[M]• 0 0 M2  0 N3  [A]{14 + [B](y) (01 (16)

0 0 U M 2 0

where

L M1  0 M3  0 M4 (

"N1  "M (A] [G] [

a22 m + ) [0]]

"M3  rncosB [B] - [K] [0]]

N4 ' 2m. [[0] [N]]
If a trial solution is assumed in the form

"0 -G1 0 0 0 (y) - (r~e t

G1 0 0 0 0 equation (16) becomes

[G] - 0 0 0 -G2  0 X[AJ(r) - [B]{r) (17)

0 0 G2 0 0 Equation (17) can be solved with a standard
etgenvalue-solver and the ei envalues xi0 0 0 0 0.. related back to those of (14). Note that the

2 resulting etgenvalues will be functions of n 11 -ynl/S and n 2.

62 " Iy2/s STEADY STATE SOLUTION

Rewrite equation (14) in phasor form. For
K1 0 0 0 0 example, let

0 K1 0 0 0 UR ' uRl,l EXP(itlIt) + uR1. 2 EXP(ln 2 t)

[K] 0 0 K1  0 0 where uRl,1 and UR1, 2 are complex quantities

0 0 0 KI 0 with real, ( )RI and imaginary , ( )1, pan'ts,

0 0 0 0 K2  i.e.
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URl,1 u (URL R + (URI1), TABLE 1: Model Parameters

UR1,2 a (UR1,2)+ i(UR1,2)I n1 a n2 -n variable, rad/sec

This converts the first of equation (14); e, 2.4x10" 5in
namely, 2e2 2.4xO0' 5 in

M 2uRI + M B - GliRl + KluRI * myl SinnI t IIm 7.42x10"5 lbf-sec2 /in

into four equations -6 2

"A2 12 (UR1,1 )R - 4lnl 2 (XBl)R + nlGl(wRll)I Ix 2.6x1 6 in-lbf-sec)2
Iy 5.2x10"6 ln-lbf-sec2

+ Kl(uRl,I)R " 0 
y

212 'u~) - M0 2 (X B 1M 4.27x10"3 lbf-sec 2/in

k 400 in-lbf/rad

+ Kl(URI,I)I 1 -me112 KB 27000 lbf/in

"AM2a2
2 (uRl,2)R - Mlf 2 2(XB,2)R + n2Gl (wRI, 2 )I s 0.1 in

+ Kl(uRl,2)R 2 0 0.48 rod

"A 2022(URl,2)I - M12 2(KB,2)I " n2G1(WR1,2)R The resulting eigenvalues vs. rotor speed are
shown in Figure 4 in the format of a Campbell

i KI (uR1 ,2)1 = 0 Diagram. There are five etgenvalues: two
identical forward rotor whirls, two identical

and hence the 5x5 system of (14) Is converted backward rotor whirls, and a vertical vibra-
into the 20x20 system tion of the block. The intercepts A & B with

the frequency equals rotor speed line are
[c]{x} - (b} (18) critical speeds; in this case at 394 Hz

(23,640 RPM) and 1100 Hz (66,000 RPM). The
steady state operating speed of this sample

The structure of [c], {x} and {b} are given in system was 200 Hz (12,000 Hz), which is well
[1]. below the first critical speed.

Given the small size of (18), an accurate 25o00-.
solution is possible via a standard matrix
inversion algorithm. The vector {6} may then FORWAID
be constructed from the resulting {x). ROTOR

A complete FORTRAN source program for
separately or jointly solving the etgenvalue
and steady state problems Is given in [1].

SAM4PLE PROBLEM

A sample solution to equations (17) and a
(18) has been carried, out for the data of L STEADY-STATE
Table I. ....10D0 'OPERATING ,." BACKWARDTable~~~ 1 / SPEED /" i• OTOR WlR

cc (200HZ) / 100

500 BLOCK VIBHATION

0.0 500 loOO low 200 2500
ROTOR SPIN SPEED (Hz}

Figure 4
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The steady state solution Is first investigated Figures 8 and 9 show uR1 2 (t) and UR2 1 (t),
for the case of both rotors at the same which are rotor I and r6*5r 2 motion lompoiients
operating speed, i.e. i1 - 12 - 0 - 1257 rad/sec induced by the opposite rotor unbalance. For
(200 Hz). Figure 5 shows the time history of the example considered, the magnitude of this
the vertical motion of the block XB(t). cross-talk is less than 1% of the self-induced

rotor motion.

.. ........ .-
L. ....

u; ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ......... ............................ ......... i....

U, ......... ...... U . . . . . . . . .

,-., ai i i i 6 ,, " . ......... ........ ;..... ... :........ i........ ;........ ;........ :...... .. .

o.ooo.0 0.0 0.03 o0.04 o005 0.05 0.07 0.

TIME (SEC0 0 02 0.03 0.04 0.05 0.05 0.07 0.
Figure 5 TIME (SEC)

Figure 8

Figures 6 and 7 show URl 1 (t) and UR2 2 (t),
which are components of the motion respectively
of rotor 1 and rotor 2 from their own unbalances. T

oo9

• I-. -.-

.. . .. ... . ... . .zz

__________________ 0 0~00.01 0 02 0.03 0.04 0.05 0.05 0.07 0,

o.11oo.o1 0.02 0.03 0.04• 0.05s 0.0, 0.07 0. TM SC
TIME (SECC Figure 9
Figure 6

U

y Lastly, consider the same case extcept that the
o o two rotors speeds are slightly detuned

S;II -1194 rad/sec (190 Hz)

"U ... .. . .. . . ... . . . * ...... .... .. .

z22 1319 rad/secO (210 z)

Luy '~ Figure 10 shows XB(t) for this case.

in 0.i.•P .l

0 C,

0.-0.0 •.0 :M 00 .5 U 7G

0.000.01 0.02 0.03 .0.04 0.05 0.06 0.07 U.
TIME (SEC)

Figure 7

191



.. .. .. .. .. ...... . .......

0.00 0.01 0.0•, 0.03 0.04 0,05 U0.1 0.07 0.
TIME tSEC)

Figure 10

Comarison of Figures 5 and 10 show that for
the sam ple problen under consideration the
above detuning (l0% of the operating speed) has
little effect on the maxinun value of block
motion. Ho'wever, as expected, Figure 10 shows
a beating phenonenon at 20 Hz.
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INVESTIGATION OF VIBRATION PROBLEMS WITH
HETERODYNE HOLOGRAPHIC INTERFEROMETER

Robert A. McLauchlan, P. E.
Acsociate Professor

Civil and Mechanical Engineering Department
Texas A and I University
Kingsville, Texas 78363

Consistently large mechanical/acoustic vibration induced RMS
deviations (A/35) in 10 in. beam wavefronts were measured
with the AFWL/ARAA heterodyne holographic interferometer,
wavefront sensor (HET) Rystem. These large wavefront sur-
face measurement errors motivated an investigation of the
sources of these mechanical/acoustic vibrations and work to
eliminate/minimize their impact on HET wavefront sensor per-
formance. Measurements were made of the RMS acceleration
level spectra at several locations on the floor in the HET
lab and on the HET optical table with the acoustic/wind
screen in place - i.e., mechanically attached to the table.
These spectra showed two very significant local peaks in the
vibration levels at nominal frequencies of 30 and 40 Hz.
Independent spectral decompositions of the vertical and hor-
izonteol, two-point relative phase measurements made with the
HET system indicate that these 30 and 40 Hz frequencies cor-
respond to pitch and yaw vibratory modulations, respectively,
of the HET (reference and object) optical beams. A simple
anaJlys (using nominal mass and stiffness values) made of
the motion of the top member of the acoustic/wind screen
with respect to the optical table gave translational (cor-
responding to pitch, roll optical beam modulations) and yaw
natural resonance frequencies of 29.03 Hs aid 40.81 Hr, re-
spectively. The clcae aggrement between the analysis and
measured RMS spectra results indicated that the acoustic/
wind screen, when attached to the optical table, is a signi-
ficant local "source" of vibratory metiotL and hence of relativa
optical beam modulations which degrade the wavefront sensor
performance of the HET system. Removal of the acoustic/wind
screen gave significant reduction of these 30, 40 Hz vibra-
tion noise components for seismometer locations on the opti-
cal table. Use of a system of floor to ceiling curtains re-
duced the largescale (A/4) random, low-frequency (0 to 2.5
Hz) oscillations -- induced by random air movements and tur-
bulence -- which degraded hET system performance without the
wind screen in place. Here ten-inch beam RMS wavefront sur-
face errors were reduced to A/60 with the curtains. In sup-
port of the above described measurement and analysis program,
work was also done in three areass (1) Rigid-body, time-
domain analysis of the motion of the HET optical table, etcl
(2) Tabulation of normalized, approximate-flexural and tor-
uional frequencies for various free, pinned-corner and inter-
mediate support leg conditionso (3) Impact of vibratory mo-
tion on differential hologram fringe modulation function.
Based upon this work and the results of the measurement and
analysis program, recommendations weri made to further re-
duce or eliminate mechanical/acoustic vibration induced prob-
lems with the HET system.
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INTRODUCTION

The mechanical and acoustic vibra-
Interactions with the vibration en- tion problems referred to above mani-

vironment (mechanical/structural, acous- feat themselves in real time as vibrat-
tic, etc.) can severly degrade sensitive ing differential hologram, interfero-
optical sensor performance. The result- meter fringe patterns in the image
ing deg:.adation can cause loss of the formed of the transverse distortion of
sensor-observability and via the feed- an illuminated object/wavefront sur-
back path, the control-systems functions., face. That is, the vibrations can
The problem is especially important with cause modulations in the relative
respect to the use of large optical beam phase between the object and reference
wavefront sensors. beams. After electronic detection at

spatially discrete sampling locations
As confirmed in 1933/1984, the AFWI/ and Zernike orthogoncl-modal-basis-

ARAA heterodyne holographic interfero- function, ]east squares fit to the de-
meter (referred to subsequently in this formed surface, consistently large RMS
paper as the HET) system was an extreme- deviations(,;/35,)=5145 A) have been
ly sensitive optical wavefront sensor found in the 10 in. optical beam wave-
system. Figu::e 1 gives a block diagram fronts through late Spring 1983. These
of this heterodyne interferometer con- large wavefront surface measurement
figuration. This version of the HET can errors as compared to an apparently
operate in either a conventional holo- obtainable (X/200 to M/75), have mo-
gram-interferometer or a heterodyning tivated the measurement and analysis
hologram-interferometer mode. In the work described in this paper. This
conventional mode both the reference primary effort in this work consisted
and object optical beams are at the same of an investigation of the sources of
frequency. In the heterodyning moft the unwanted mechanical/acoustic vibrations
HET uses a constant 625 KHz frequency and of system modifications to elimi-
difference between the reference and the nate/minimize their impact on HET wave-
object beams in a heterodyning, fre- front sensor psrforman-e. In support
quency-modulation sense. Here the opti- of the primary effort work was also
cal result is used to define the differ- accompolished in the following three
ential holographic fringes (difference areass
between specified reference and desired a Rigid-body, undamped resomant
wavefront surfaces) characterizing the frequency and time-domaini anal-
spatial distortion of a nominal 10 in. yses of the motion of the HET
diameter wavefront image of the trans- optical table, etc.
verse distortion of a static or a vib- % Calculation nf normalized,
rating surface. The 10 in. diameter approximate-flexural and tor-
wavefront size is a nominal design value sional frequencies of optical
for the HET system. It can be varied table for various free, pinned-
from I in. to 16 in. by suitable choice corner and intermediate support
of the beam expander lenses in the opti- leg co.litions
cal path components comprising the HET * Impact of vibrating motion on
wavefront sensor system, differential hologram fringe

modulation function.
The HET system is mounted on an opti-

cal bench which is presently supported by The remainder of this paper is or-
six vibration isolation support mounts ganized as follows. First the HET sys-
or legs. It orlginally (through I Aug- tem is reviewed and all known potential
ust 1983) was covered by an attached sources of unwanted noise in the system
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are summariz~ed.* Next the experimental analysis and results can be found in
and analytical Investigations of the the Appendices of Reference 21. Conclu-
bou~rces of mechanical, etc. vibration sions are then made regarding the inves-
are described and their results dis- tigation of vibration sources and modi-
cussed. This is followed fication. tried to improve HET system
by sections describing modification. to performance. as well as the related
the HET optical table configuration and support area work. Recommendations are
the results of these modifications. made to further improve HET wavefrovit
Next the work in the three supporting sensor performance at the end of this
areas are described. Their supporting paper*
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FIGURE 2
NET O•2ICAL TABLE PLUS ATTACHtED ACOUSTIC/VIND SCREEN, LASER SUPPORT TABLE,

VIBRATION ISOLATION SUPPORT lEGS, ETC.* SYSTEM CONFIGURATION

FAMILIARIZATION WITH HET SYSTEM mechanical/acoustic vibration problemsin context with respect to other noise

A review was made of the relevant sources and to obtain an indication of
optics and of the laser and optical the potential noise floor--i.e., best
path system~ components comprising the wavefront sensor performance possible
NET system (Refs. i-8). As indicated in with the NET system. Table I summa-

the introduction, Figure 1. schematical- rizes the five mechanical/acoustic and
ly depicts the component lineup and the the three-laser/optical polarization/
optical path signal flow in the present detector -- potential sources or mech-
NlET system. In addition, the data col- anises of unwanted noise which were
lection electronics system and the identified.

S hete rodyning holographic interferome-
try/signal processing principles upon Newport Research Corporation was
which the NET system is based were also contacted relevant the design and dy-
reviewed (Refs. 4,9-12). nainic mechanical response details of

the optical bench, the attached acous-
All relevant aspects of noise de- tic screen, the bottom mounted laser

grading NET wavefront sensor perf or- bench, and the vibration isolation leg
mance, the optical bench or table, etc. support system (Refs. 13,14). This was
plus the vibration isolation legs and done to gain further insight from the
the complete optical path/optical, etc. equipment manufacturer into the mech-
component lineu.p in the NET were con- anical/acoustic vibration frequencies
sidered. This was done to place the and mode shapes possible in the NET
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optical table design. NRC indicated to

that tte first free-free ilerural bend- (a) Measure acceleration, velocity,
ing and torsional resonance fioquenacies and motion levels at three lo-
should be approximately 100 and 170 Ha, cations across the mid-length
resa.ctively for the HET's 12 ft x 1 ft plano on the optical table and
x 1.5 ft optical table in an unloaded at three locations near the 10-
c-ondition. Nominal vertica mnd trans- inch beam expander and mirror
verse stiffnesses of 64 lbf/in and 125 components (east end of optical
to 150 lbf/in were i.ndicated for each taole in HET lab).
of the six pneumatic, vibration iso- .
lation mount support legs for frequen- (b) Measure acceleration, velocity
cies around 1 Hz. and motion levels at three lo-

cations on the floor under the
It was also indicated these stiff- optical table and at a location

nesses are frequency dependent. That south of and away from (4 ft)
is, above I Hz these stiffnesses are the optical table.
somewhat less than (nominal 50 to 66%
of) the 1 H& values. Vertical and tran.- In addition, the seismometers were
verse dampihg values were unavailable, also used to survey the acceleration,
They can, however, be inferred from the etc. levels in three other ARAA labs.
frequency response results given in the Here measurements were made at loca-
equipment catalog (Ref. 13). tions under and on the optical tables

in the (1) Phasar lab, (2) Deformable
TABLE 1 Mirror Lab and (3) Ad&ptive Optics Lab.

SOURCES OF UNWANTED NOISE It should be noted that the optical
table in the Phasar Lb also has an

0 Seisric/ttructural Floor Vibration attached (somewhat sbiter vertically)
wind screen enclosure. The deformable

e Acoustc Preswe Radiation Via mirror and adaptive optics labs also
Air Path (Fluidborne, Fluldbornei each have a 6" ft long trench running
Structureborne) lengthwise (east-weLt) along their

. Acousto-optical Interaction floors. Tha optical tables in these
Coupling three labs are somewhat longer (15 to

SFlow Induced Vioration Using Water 18 ft) than the nominal 12 ft table

Cooling for Laser (Monitor Transi- long HET Lab table.

tion. Mid and Lager Output Beam Vertical and horizontal, two-point
Sections of Flow-Line on Laser) relative phase modulation measurements

e Flow Induced Plasma Fluctuation and RMS wavefront surface error meas-
and Beam Modal Drift urements were made ising HET system

detector signal conditioning A/D :on-
. Optical Separtiion of V, Polar- version hardware and its Data General

ization Bomas signal processlig software. It should
a Electrical Line/tlectronic Record- be noted that the vertical and hori-

ing Processing and Radiation zontal, two-point relative phase mees-
Laser-Detector - . urements correspond to pitch and yaw
t Optical Shot Noises. vibratory motion modulations, respec-
temn Optical Gain Figures. tively, of the reference and object

HET INTERFEROMETER PLUS ACCEIEkATION, beams in the HET system.
ETC. SENSOR MEASUREMENTS DATA PROCESSING/ANALYSIS

The author used three ENDEVCO 2262C- The results discussed in this report
25 piezoresistive accelerometers plus were based on (a) Nicolet 660A digital
correcsoding amplifieria l che die oscilloscope RMS spectral analysis, dif-
tion cards (AFW TDE) and three Gee ferentiation and integration processing
Space HS-10-1 seismometers (AFWL/NTDE) and plotting system and (b) HET system
(Refs. 15,16). In addition, two PCB relative phase measurement, FFT pro-
303A02 piezotronics accelerometers and cessing and plotttng capability using
amplifier/signal conditioning systems Data General Eclipse S/200 computer
were borrowed from the M.E. Departmenc system (Raef. 18-20). The latter was
of Texas Tech University (Ref. 17). developed during Summer 1983 by Miss

Geraldine Cordova under the directionVelocity and acceleration measure- of Captain Joseph T. Evans.
ments have been made using the three

Geo Space selsmometers (direct measure- IDENTIFICATION OF VIBRATION NOISE
ment of velocity, and the two PCB ac- SOURCES IMPACTING SYSTEM PERFORMANCE
celerometers. The seismometers have
been the sensors most extensively used As indicated previously a survey/
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comparison was made of the velocity frequency range. The relevance of the
and acceleration levels in the ARAA- jak levels observed at nominal 30, 40
HET, PHASAR, Deformable Mirror and H& frequencies will be discussed later.
Adaptive Optics Labs. RMS floor ye- Here it should bo noted that the opti-
loc.ty, etc. level results in theme cal tables in the HET and PHASAR Labs
tour labs indicated that the Deform- both have attached acoustic/wind screen
able Mirror Lab in quietest at 20 to enclosures while the optical tables in
50 Ha closely followed by the Adaptive the Deformable Mirror and Adaptive Op-
Optice Lab. The Phasar and HET Labs tics Labs do not.
seemed to be noisier (nominal 5 to 10
dB) in terms of peak velocity and Figures 3a and 3b give repreeenta-
acceleration levels in this 20 to 50 tive plots of the RMS spectral decom-
Hs frequency range with the HET Lab positione of the velocity levels under
the noisier of these two. This may be and on the HET system optical table
correlated with the fact that the HET with the attached wind screen enclosure.
Lab is near the center of the first These results show very significant
floor of ito AFWL Building location sak at nominal frequencies of 30 and
which can be a v!bration antinode. C0 Hz. Examination of those figures
This APWL Building is an office build- indicates that the floor minus table
ing which was not structurally and differences in the 30, 40 Ha levels are
acoustically designed for precision 19.8, 21.4 dB, respectively, or a nom-
optical measurements. inal 20 dB. These reductions are some-

what less than the vibration isolation
Comparison of the differences be- to be expected rt the NRC indicated 12

tween the RMS acceleration, etc. spec- dB/octave fall ofZ above 1 Ha with the
tra levels for the table and the floor six NRC vibration isolation mount Sup-
for each of the four abov"-mentioned port legs. Since comparable NRC vib-
labs indicates nominal 25 to 35 dB dif- ration isolation legs seem to perform
ferences (level reductions) for the Do- well in corresponding leg conflgura-.
formable Mirror and Adaptive Optics tions in the Deformable Mirror and ,
Labs and 2v to 25 dB level reductions Adaptive Optics Labs., these results in-
for the HET (nominal 20 dB) and PHASAR dicate that additional vibration noise
(nominal 25 dB) Labs in the 25 to 45 H& sources as, e.g., acoustic are exciting

the system via the acoustic/wind screen
enclosure.

OPTION N/A -3.9 dBV VLG
60.00003 HZ C

SU
I 3S

FIGURE 3a RMS SPECTRAL DECOMPOSITION OF VELOCITY LEVEL UNDER 1(ET OPTICAL TABLE
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OPTION N/A -7.2 dBV VLG

60.00000 HZ C
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FIGURE 3b RMS SPECTRAL DECOMPOSITION OF VELOCITY LEVEL OH HET OPTICAL TABLE
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FIGURE 4& SPECTRAL DECOMPITION OF FIGURE 4b SPECTRALDECOMPOSITION OF
VERTICAL, 2 POINT RELATIVE HORIZUNTAL, 2 POINT RELATIVE
PHASE MEASUREMENT FROM HET PdASE MEASUREMENT FROM HET
SYSTEM SYSTEM
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Figures 4a and 4b respectively plot given in Appendix A of heference 21.
spectral decompositions of the vertical
and horizontal, two-point relative TABLE II
phase measurements which were made with TRANSIJkTIONAL MODE AND YAW
the HET system. It should be noted that MODE NATURAL RESONANT FREQUENCY
an ii.dependent sensor (HET system) RESULTS FOR MOTION OF TOP
using a different phycical process--as MEMBER OF ACOUSTIC/WIND St;REEN
compared to the seismometere--was used WITH RESPECT TO OPTICAL TABLE
to obtain thase results. Figure 4a
shows a relatively large RMS motion/ fNAT REs(Ha)
relative phase modulation peak at a
nominal 30 Hz. This is for the two
vertical points configuration in the XTRANS
HET detector array and corresponds 29.03
therefore to a pitch vibratory modu- (along table
.ation of the HET reference and object length)
optical bears. Figure 4b similarly
gives a large RMS motion/relative phase
modulation peak at a frequency of U2 to
43 Hz. In this case two horizontal YTRANS
points were sampled in the HET detector (along table 29.03
array. Thus it corresponds to a yaw width)
vibratory modulation of the reference
and object optical beams in the HET
system. yaw

SIMPLE ANALYSIS OF SCREEN ENCLOSURE, (angular motion
LASER TABLE MOTIONS WITH RESPECT TO with respect 40.81
OPTICAL TABLE to vertical

a axis)
Simple spring-mass analyses were

made of the translational and yaw
motions of

(a) Top member of the acoustic/
wind screen with fixed end TABLE III
attachment to the top of the TRANSLATIONAL MODE AND YAW
optical table. MODE NATURAL RESONANT FREQUENCY

1b) Bottom member/ledge of laser RESUITS FOR NOTION OF BOTTOM
bench with fixed enO attach- LEGE OF LASER SUPPORT BENCH
ment to the bottom of the WITH RESPECT TO OPTICAL TABLE
optical table. fNAT RES (N4

Figure 2 depicts the location of the
wind screen and laser bench structures.
Figures 5 and 6 give more detailed
representations of these structures. XTRANS

(along table 48.09
Nominal mass, stiffness values were length)

used in the analyses of these motion_
with respect to the optical table.
Here it is assumed that the rigid bod
motion natural frequencies of the opti- YTRANS
cal table (as indicated by experimental (along table 48.09
results and by analysis and time domain width)
computer model reenlts) are in the low
frequency range 0 to 5 Hz while the
wind screen and laser bench resonant yaw
frequencies are in the range 25 to 55 (an lor motion
Hz. That is, they are somewhat separa- (angul motio8
ted in frequency and thus the wind with respect 39.88

screen and laser bench can be consider- t axis)

ed (each separately) as moving with
respect to a fixed table. Thus un-
coupl6d, single-degree-of-freedom
representations can be used for eacb
of the xy translation and yaw (with Table II gives the natural frequen-
respect to the z axis) motions. De- cy results. 29.03 Hz and 40.81 Hz
tails of the analysis calculationa are calcutlated for the translational
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and yaw motions$ respeotirely, of the tional and yaw resonant frequenoy re-
top *"ber of the wind screen. Table suite, A48.09 He and 39.88 Ha. respec.II summarices corresponding transla- tively, for the laser support bench.

4l STEEL SUPPORT TUBES TOP IS NOMINAL 12 ft VLOING
50 in IN LENGTH ALUMNINUM HONEYCOMB 4& twiDz2.375 In OD 2 in,

THICK
F'IGURE 5

ACOUSTIC/WIND SCREEN SUPPORT STRUCTURE

/ij

4 STEEL SUPPORT TUBES BOTTOM LEDGE IS NOMINAL
14 in IN LENGTH 67.875 in LONG CAST
1.5 in OD 1 4-9375 In WIDE STEEL

2.0 in THICK Construction

FIGURE 6
LASER BENCH AND SUPPORT STRUCTURE

201



These resonant frequency analysis term separate muunting modifications to
results taken together indicate that suitably reconfigure the laser to
there are translational motion reson- optically drive the MET system. It
ant frequencies at nominal values of should be noted that the ideal modi-
29 and 48 Ha. In addition, there are fication plan here would be to remove
two closely placed yaw motion resonant only one of theme two strlictures then,
frequencies at nominal values of 4•O replacing that one, only remove the
and 41 Ha. These results are in close other, and then remove both.
agreement with the significart peaks
observed in the RMS seismometer vel- Removal of the acoustic/wind screen
ocity level spectra at nominal ranges was found to give significant reduc-
of 29-31 Rz, 40-42 Hi and on onoasion tion of the nominal 29-31 Ha (10 to 15
50-52 Hu• witn both wind sc=-een and dB reduction) and 40-43 Hi (15 to 20
laser bea•ch structures in place. These dB reduction) vibration noise oompon-
results are also in agreement with ob- ents for seismometer locations on top
served peaks in the independent spec-, of the optical table. However, when
tral decompositions of the vertical the
and horisontal, two-point relative (a) Differential hologram optical
phase measurements made with the hET fringes were visually obierved
system (with both the wind screen and for the 10 in. beam wavefronts
the laser bench attached to the opti- in the HET system,
cal table).

and
Specifically, the 29 Hi and 48 Hi

natitral resonant frequencies are for (b) Corresponding erlative phase
relative (x~y) translational motions between the reference and object
which correspond to roll and pitch op- optical beams was visually ob-
tical beam modulations. They corres- serve
pond to the 32 to 33 H& and 53 H& scope,
spectral peaks found in the vertical, it was seen that removal of the wind
two-point relative phase measurements screen gave large-scale (O?/4 and
directly giving the pitch motion corn- hence quadrant e.rors), random oseil-
ponent of the modulation of the MET lations in the low frequency range
system optical beams. Similarly, the 0.0 to 2.5 Ha.
calculated 40 Hz and 41 Hz yaw natural
resonance frequencies correspond to Subsequent investigations showed
the 43 H& spectral psak found in the that these oscillations were due to
horizontal, two-point relative phase random air movements and turbulence as,
measurements. These measurements e.g., generated by oscilloscope and
directly give the yaw motion component computer, etc. equipment fans and blow-
of the modulation of the optical beams era in the MET Lab. These air move-
in the HET system. ments, etc4 severely degraded MET sys-

tem wavefront sensor performance with-
In summary, these recults indicate out some form of a wind screen sur-

that both the acoustic/wind screen rounding the optical table and system
and the laser support bench are im- components.
portant local "sources" of mechanical
vibration in the HET system. Together A system of floor to ceiling cur-
they nan cause nominal 25 to 55 Ha fre- tains with a rudimentary ceiling of
quency modulations of the phase dif- plastic film sheeting which completely
ference between the reference and the surrounds, but is not physically at-
object beams. Thus they are apparent- tached to, the HET optical table was
ly significant local sources or causen used as a near term solution to reduce
of the consistently large*X /35-RMS the effects of the random air movements
wavefront surface deviation errors and turbulence. It was found that 10
measured with the MET system. in. beam RUS wavefront deviation errors

can be reduced toA/60 with the cur-
DESIGN MODIFICATION STUDY AND RESULTS tains and ceiling in place.

It was decided to remove the attach- SUPPORTING STUDIES
ed acoustic/wind screen--a non-trivial,
though relatively easy task-- and in- UNDA4PED NATURAL RESONANT FREQUENCY
vestigata the impact of this chiage ANALYSIS OF RIGID BODY MOTION OF
upon measured acceleration, velocity, OPTICAL TABLE
etc. levels and upon MET systim wave-
front sensor performarce. The laser An undamped natural resonant fre-
support bench, etc. was not also re- quency analysis was made of the rigid
moved because its removal is relative- body motion (RBM) of the FIT optical
ly difficult anO would require long table (Refe. 22-26). Figure 7 depicts
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the idealized mix degree-of-freedom re- Hence x~ya ( or x#1 xf, x; ) form a
presentation used in the analysis. The right-hhis ded, fixed t nmrtoil a oores nate
six tegrees of freedom arei system. Positive xyos ar. iI the di-

x or x i - Tranglatronal motion alont rections indicatedtin Figure m. Poi -
tetbelnt itive 0, 0, ý* are-definei as oei-

tite it they are countpr- ledek-w chy or x; a Translational motion trans- with respect to the positive x,y," Axes,
verse to the table length, respectively.t Ficure 7 alco shows

i.e., alon table widthp the six vbrt on iolation mount sup-
s r -Tasaioa3oini port loe. which are represented as
• or the=vTran tional diretion.I three-d oensional linear springs.- In

bei qana is the motion@ aure assumed
a- Roll angular motion about to be 1ml such that the resulting

the x axis. dynamic system~is linear. It in f~ur-,
a Pich agula moton aout thor assumed that the (x,Q) motions

e - Pthe anxis. m t on ab u and the (y,#) motions are coupled each
•he yaxis.pair together, while the a and mw o-

m Yaw angular motion about tions are each uncoupled.
the z axis.

AXj 1X;

&A I

FIGURE 7
IDEALIZED SIX DEGREE OF FREEDOM REPRESENTATION FOR RIGID BODY MOTION
ANALYSIS OF HET OPTICAL TABLE SYSTEM

NOTE THAT (A) FOR THE VIBRATION ISOLATION MOUNT DAMPING EXTENSION, EACH
SPRING ELEMENT IS REPLAC.ED BY A SPRING AND DAMPER ELEMENT
IN PARALLEL FOR EXAMPLE,

SIS REPLACED BY

(B) ADDITIONAL NONSIMMETRICALLY PLACED MASSES ARE CONSIDERED
WITH RESPECT TO THE CENTER OF MASS OF THE OPTICAL TABLE.
THUSIiJcm(PT.TAB) IiJcm(ARB.MASS) " M(ARB.MASS)

FOR THE INERTIA TENSOR COMPONENTS IN WHICH

+~ Rf. + 4 aJ R - ITRI

JA' : RONECKER DELTA
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TABLE IV pitch and yaw degree@ of freedom (fixed
SUMMARY OF UNDAMPED NATURAL inertial vector components). The dynamic
RESONANT FREQUENCIES OF HET systems model can handle an arbitrary
OPTICAL TABLE WITH SIX LEGS number (04) of vibration isolation mount

support loeg arbitrarily placed under
fNAT RES(Hs) trhe table. Figure 7, as discussed pre-

viousnly, gives an idealized represen-
tation of the system under oonsidera&
tion. Details of the MET RBM model can

XTRANS be found in Ref. 21. See also Refs.
Mode 1 0.27 27, 28 for background regarding devel-

SPITCH opment of the state variable equations,

This dynamic systems model was Im-

'~TRANS plemented in the Fortran IV computer
Mode 2 2.34 software package HETRBM09, which con-

OPITCH sists of a driver plus 21 subroutines
and 2 function subprograms. This soft-
ware has been thorough.1y checked out.
Complete listinge of HETRBM09 and of an

YTRANSMode example inut data set file HETRBMIN
OLL 1 0.66 are given vi Appendix C of Ref. 21.

HETRBM09 runs have been made which
show the coupling of the

YTRANS Mode 2 2.61 (1) 4 u x translation and 8 pitch
(2) y - translation and # roll

degrees of freedom. Thse & Q ver-
tical translation and i yaw dekrees

S1.12 of freedom are each essentially un-
coupled from all others. The undamped
resonant frequency behavior observed
with HETRBM09 for non-zero initial

IYAW 2.49 condition runs with zero motion input
_at the floor is. in good agreement
with the results discussed in the pre-

Note that the six legs are assumed to vious section of ttis paper.
be placed one at each corner and one
at the midpoint of each nominal 12 ft CONTINUOUS BEAN APPROXIMATE RESONANT
length-side. FREQUENCY ANALYSIS

Table IV summarizes the results of A normalized, approximate frequency
this undamped natural resonant frequen- analysis was made of the flexural and
cy analysis. These RBM frequencies torsional vibration modes of the op-
range from 0.27 Hz to 2.61 Ha. They tical table. Here the free/pinned
are in basic agreement with relative/ boundary, pL-rned intermediate support
load peeks which have been observed in results given in Blevins (ref. 29) fcr
the measured acceleration, velocity the resonant frequencies of the multi-
and motion level spectra for non-zero span elastic beam configuration were
initial conditions in each of the six used. Tables V, VI, and VII present
degrees of freedom. Appendix B of Ref. these undamped natural reconant fre-
21 gives details of the analysis. This quency results which have been nor-
includes a summary of the equations malized to a first free-free unloaded,
used to calculate the resonant fre- single span flexural frequency of 100
quencies given in Table IV. Hz and a corresponding torsional fre-

quency of 170 Hz. These values were
12 STATE VJARABIZ, TIME-DOMAIN ANALYSIS given by Newport Resoarch Corporation
OF RIGID-BODY-MOTION OF OPTICAL TABLE, (Ref. 14) as reasonable approximations
ETC. DESIGNS for a nominal 12 ft x 4 ft x 1.5 ft

HET system optical table.
A 12 state-variable, nonlinear, time-

domain model analysis was made of the These results indicate that sig-
rigid-body-motion (RBM) of the MET op- nificant ch&nges in the resonant fre-
tical table, etc. system design. The quencies and hence mode shapes exr't-
dynamic systems model considers xa.iu ed at a given excitation frequency
1.2.3-- translational mo on of tote can be effected by a Judicious ý. more
center of mass and J, 0,9 -- roll. optimal placement of the vibration
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isolation mount support legs. Indeed, TABLE VI
Whaley and Pearson (Ref. 301 have RESONANT OR NATURAL ,'REQUENCIES
shown (via model predictions) that re- FCR OPTICAL TABLE MODELED AS A
ductions of 10 to 30 dB can be obtain- PINNED-PINNED BEAM WITH PINNED
ed in the RMS angular motion of the .. INT DIATE SUPPORTS
optIcal table. This means that sizce L ZF12 ft.
the velocity modulation of &n optical f(Hz)
component is given by an equation of I Snle p (Hz)

thefomSingle Span Dtuble Spanthe form, 2 Supports 3 SupportsV OPT. COMP T( -" ) W, (4ILexs) (6 Legs)

in which (refer to Fig. 8) 1 44.1 -76.5

•OPT. COMP. " vT£i #Z x Locr (16) 2 176-5 275.7

"T j-:) 3 397.0 705.8
•4x toe, Yoe (17) 4 706.8 893.2

TABLE V 5 1103.1 1587.8
RESONANT OR NATURAL FREQUENCIES
FOR OPTICAL TABLE MODELED AS A 6 1588.2 1863.8
FREE-FREE BEAM WITH PINNED

L 12.0 ft. PINNED-PINNED
SINGLE SPANH))

Single span Triple Span QuaCruple
No Support 2 Supports Span

(4 Legs) 3 Supports PINNED-PINNED
(6 Lego) DOUBLE SPAN

1 100.0 80.2 162.2

2 275.6 109.3 176.5 TAoLE VII
RESONANT OR NATURAL FREQUENCIES3 540.8 515.6 833.0 FOR OPTICAL BENCH REPRESENTED AS
A FREE-FREE STRAIGHT BEAM UNDER-4 893.7 734.5 1103.4 GOINGR TORSONAL VIBRATION

5 1334.6 891.3 1408.6 1__ f,(H,.)

6 1863.8 1809.5 1588.5 1 170

PREz-FREE 12 340

SINGLE SPAN . • . 3 510

4 680

5 850
FREE-FREE 6 1020
TRIPLE SPAN FREE-FREE

SINGLE SPAN

SPAN2
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IMOL.OaRAM ,MAGE
OPTICAL COMPONENT PE'AU.AE P.ANX

FICURE 8
REPRESENTATIVE LINE DRAWING SHOWING VIBRATORY MOTION GEOMETRY FOR AN OPTICAL
COMPONENT IN OBJECT BEAM PATH. NOTE THAT MI. & ARE THREE-DIMENSIONAL
UNIT VECTORS FOR INCIDENT, TRANSMITTED OPTICAL BE•aS AT OPTICAL COMPONENT

vT* Transverse velocity of Components
table surface at opti-
cal component table VIBRATORY/ACOUSTIC MOTInN. IMPACT ON
location (xoc•yoc). FRINGE MODULATION

vT v? vT A review was made of the survey work
S- 0 T Angular velocity of by Smith (Ref. 31) relevant the impact

table surface at of motion uon holograms and the fringe
optical component table modulation function. Smith's consider-
location (xoc, Yoc). ation is based upon the temporal fil-

tering of holograms formulation intro-uI, U =Unit vectors defining duced by Goodman (Ref. 32). Powellcidn, and Stetson also considered the re-
directions of inc nt lated problem of interferometric vib-
transmitted optical ration analysis and derived equiva-
beams at optical lent results from a somewhat more com-
component location plicated point of view (Ref. 33). The
(xoc' Yoc' Zoo) related areas of FId modulation

(straight line FM slide, constant fre-
Loc Length of lever arm quency sinusoidal modulation, etc.)

(assumed vertical) of as considered by Nitta (Ref. 34) and
the optical component the impact of noise on phase-look-

loop, heterodyne system performance
that significant reductions can be as examined by Gardner (Ref. 35).
systematically obtained in the re- Lindsey (Ref. 36) and Van Trees (Ref.
lative phase modulation of the 37) were also reviewed.
referonce, object beams in the HET
system. This would follow as, e.g., Reference 21 gives a detailed
via 2 summary of the analysis for sinusoi-

-Tdally vibrating motion. This re-Min IVOPT. COMP.* ( U T " uI ferenoe also discusses a preliminary

(18) FORTRAN IV software package TFVMHF02
Over developed by the author to evaluate

the fringe modulation as a function
Leg Placement Designs of HET sampling time, translational

or angular sinusoidal vibration am.-
Table Physical Parameters plitude as a function of fraquency,

and planar direction of motion with
Table Placement, etc. of Optical respect to the optical beam. Aper-
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ture size effects can also be inves- surface error results indicated in us-
tigated using a checked-out verbion ing the HET system detection plus A/D
of TFVMHF02. The idea here is that conversion hardware and Zernike poly-
TFVMHF02 should allow the inves- nominal surface fitting software.
tigation of !neaningful amplitude These large amplitude, low frequency
levels for both mechanical and (0.0 to 2.5 Hz) random modulations
acoustic vibration source mechanisms, were found to be caused by low level,

random air movement and turbulence
CONCLUSIONS The use of a system of floor to ceil-

ing curtains and plastic sheeting ceil-
An investigation has been made of ing as a near term/interim fix: to this

mechanical vibration/acoustic sources problem was found to improve-HdT eye-
of the consistently large (A/35) RMS tem performance to the extent that 10
deviation errors in 10 in. beam wave- in. beam RI4S wavefront surface errors
front surfaces measured with the of:--/60 could be obtained.
AFWL/ARAA heterodyne holographic
interferometer, wavefront sensor (HET) Four supporting studies were &lso
system as it was configured in 1983/ performed and reported in this paper.
1984. Spectral decompositions of these studies were,
vibration level measurements made with (1) Resonant frequency analyris
seismometer sensors and independent for linearized rigid body
spectral decomposition measurements motioneofieT optic tble
made with the HET system of pitch, motion of HET optical table
yaw modulations of HET (reference system.
and object) optical beams -- showed (2) 12 state variable, time-
significant peaks at nominal frequen- domain analysis of the non-
cies of 30 and 40 Hz. Additional linear rigid body motion of
seismometer and HET beam modulation HET optical table, etc. system
peak responses (albeit at somewhat designs.
lower levels) have also been seen at (3) Approximate beam resonant fre-
nominal frequencies of 50-52 Hz. quency analysis of flexible

Simple undampsd resonanc frequency motion response of optical
analyses of the relative motions with table system designs.
respect to the optical table of the (4) Impact of mechanical vibration/

(a) Top mounted acoistic/ wind acoustic motion on relativescreen structure phase modulation of HET system
optical beams and hence on

(b) Bottom mounted laser support fringe modulation.
bench structure

Limited work in supporting studieshave been made using nominal mays, (1), (2) above gave good rigid body
stiffness values. These analyses motion resonant frequency and time-
angular motion resonant f yequencies domain predictions as compared to a
corresponding to (roll, pitch) and limited amount of sensor time function
caw optical beam modulations of measurements. These good camparison
y2903, 40.81) Hz for the wind screen results indicate that the 12 state-
and (48.09, 39.88)HHz for the laser variable, nonlinear time-domain model

support table. These results plus the and the linearized ýresonant frequency
attachment of the wind screen to the modelo when extended to include such
top of the optical table indicate effects as vibration isolation support
that the wind screen is a signifi- leg damping and realistic nonsymmetric
cant local scurce (or antenna/ampli- mass distributions can be used to in-
fier ss npposed tc, absorber) of mech- vestigate the numbtr and placement of
anical/acoustic v!.bratory motion, the support legs to minimize the effect

on the rigid body motion of the HET
Removal of tne acoustic/wind optical table system.

screen enclosure resulted in re- The limited results and formulations
duction of the nominal 30 Hz pitch resented resultstud (3),
and 40 Hz yaw vibration levels and (ntedin supportin stdes (3)
optical beam modulation components. (4 indicate that computer model an-

eamplitide, low fre- alytical calculation results (and cor-Howeveny large motided lodu- responding modal analysis measurements)quency random motion induced modu- can be used to directly investigate
lations caused quadrant errors the impact of HET system vibratory
IaA/4) in (a) the two-point re- motion upon ivs relative phase module"
lative phase observed as a function tion and aperture-plane fringe modula-
oftime on the HET system oscillo- tion rnd behavior.l Therefore,
scope and (b) the wavefront sensor tion response behavior. Therefore,
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these computer model ana.Ly'4sl, etc. served at the top of the HET
studies can be used te optimn,& or wrt optical table.
least improve upon the design ox HETand similaur optical, large-beta t, a, (7) That detailed modal anal~sis
and similar opical, large-ber ta se r and acouatic sensor measure-
sseg s,v 10 in.) wavefront sensor ments be performed. These
systems.5 measurements can be used to de-

RECOMMENDATIONS fine present optical component
vibration mode s•nsitivities

Based upon the results of the re- and to suggest changes/pertur-
search work reported herein, the fol- bations to the HET system re-lowing recommendations are made, aulting in improved wavefront

sensor performance. This modal

(1) That an unattached "rigid" ar.alysis and acoustic sensor
member wind screen enclosure work can also be used to head-
(4 sides and top) be con- off potential future wavefront
structed and used for the HET sensor problems relevant the
optical table and components calibration, testing and use
mounted to its top surface. of flexible mirror and subaper-
This structure should be ture-to-full wavefront-recon-
separately supported on its struction components.
own set of vibration iso-
lation-rubber or similar REFERENCES
material pads. It should
minimize the effect of random 1. Baldin, George C., An Introduction
air movements, etc. on HET to Nonlinear Optics, Plenum, N.Y.,
wavefront/sensor performance. 1969.

(2) That usag be investigated 2. Born, Max and Wolf, Emil, Prjlici_
of additional local wind plea of ODticss Electromaxinetic
screen enclosures at the lo- Theory of Propagation. Interfer-
cation of the large-beam ex- once and Diffraction of Light,
pander and mirror, etc. op- Sixth (Corrected) Edition, Perga-
tical components as well as at
the table location where the mon Prss, N.Y., 1980.
laser beam enters the HET op-tical system. 3. Hecht, Eugene and Zajac, Alfred,

t stics, Addison Wesley. Reading,
(3) Consideration should also be Msis., 19714.

given to the design and une
of off-the-shelf components to 4. Malacara, Daniel (Editor), Optical
provide a positive pressure, Shop Testing, John Wiley, N.Y.,
clean room system environment 1978.
in the interior of the large
wind screen enclosure surround- 5. Wyant, James C., 01Otical Testing,
ing-the HET optical table. Optical Sciences Center, Univer-

(4) An investigation should be sity of Arizona, Tucson, Arizona,

made of designs employing sop- June 1976.
arate mounting of the driving 6. Verdeyen, Joseph T., Laver Eleo-
laser and the use of fibre- tr~ics. Prentice-Hall Englewood
optic or comparable means for rCifs, N.J., 1981.
light input to the HET system.
Alternatively, placement of
the laser on top of the optical 7. Calendar, Al, "Optics Overview/

table should be considered. Summary for Heterodyne Holographic
Interferometer Wavefront Sensor

(5) An investigation should be made System," Unpublished Notes, AFWL/
of the optimization/improve- ARMA, Spring 1983.
ment of water input for laser
cooling to reduce low frequency 8& Heterodyne Set-Up Drawing, AFWL/
vibration inputs to HET system. ARAA, Spring 1983.

(6) Consideration should be given
to the design, construction and 9. Calendar, Al, "Heterodyne Inter-
use of a 1 or 2 mass plus d2m- ferometer-Data Collection Eleocser, o g tronics System," Unpublished Notes,per, spring elements tuned vib- AFWI/ARAA, Spring 1983.

ration absorber (yielding 10
to 30+ dB notch at specified
design frequency) to reduce the 10. Gardner, Floyd M., Phanelock Tech-
still high 30 Hz, etc. line p e, Seoond Edition, Wiley-
vertical motion component ob- Inters-9 ence, N. Y., 1979, Chapters1-4,9o
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